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MARKERS I N  NUTRITION 
INTRODUCTION 
Marker, i n d i c a t o r ,  t r a c e r ,  r e fe rence  subs tance ,  o r  index 
substance a r e  terms appl ied  by workers i n  n u t r i t i o n  and physi- 
ology t o  a  number of m a t e r i a l s  used i n  t h e  q u a l i t a t i v e  o r  quan-- 
t i t a t i v e  determinat ion ( u s u a l l y  i n d i r e c t )  of phys io logic  o r  
n u t r i t i o n a l  phenomena. The d i v e r s i f i e d  use of markers has 
accumulated much information which mer i t s  a  comprehensive reviex  
of t h e  s u b j e c t .  A v a r i e t y  of m a t e r i a l s  and procedure have been 
used repea ted ly  bu t  t h e  authors  have found no complete review 
of t h e  t o p i c .  The scope of t h i s  review i s  l i m i t e d  t o  d i e t a r y  
markers ,  markers which would be put  i n t o  t h e  d i e t ,  which woulc? 
occur i n  t h e  food ea ten  by t h e  animals o r  which would b e  taken 
o r a l l y  a t  any t ime.  Excluded from cons idera t ion  a r e  in j ec ted  
markers and most me tabo l i t e s  which o r i g i n a t e  wi th in  t h e  animals .  
The review a l s o  excludes dyes and r a d i o a c t i v e  m a t e r i a l s  used t o  
t r a c e  animal movements i n  t h e  w i l d l i f e  and a g r e a t  number of 
subs tances ,  r a d i o a c t i v e  and non-radioact ive,  used only as  qua l i -  
t a t i v e  o r  q u a n t i t a t i v e  i n d i c a t o r s  i n  d i f f e r e n t  medical d i agnos t i c  
techniques ,  f o r  example, t h e  s tudy of t h e  func t ion  of some organs 
and t h e  l o c a l i z a t i o n  of c e r t a i n  tumors i n  t h e  body. Also exelud?d. 
a r e  m a t e r i a l s  which have been used a s  i n d i c a t o r s  t o  ind i rec t ly -  
determine body composition i n  vivo e . g . ,  tritium and d e u t e r i m  
--> 
have been used i n  t h e  " d i l u t i o n  technique" t o  determine t o t a l  
4 0 body water  and t h e  determinat ion of t h e  body K content  h a s  been 
used t o  es t imate  "lean body mass". 
This  review p r e s e n t s  an  h i s t o r i c a l  p e r s p e c t i v e  of  t h e  use 
of markers i n  n u t r i t i o n  and some c h a r a c t e r i s t i c s  of i n d i v i d u a l  
markers w i th  an eva lua t ion  of  t h e i r  u se fu lnes s  i n  s t u d i e s  of 
food i n t a k e ,  food passage and food abso rp t ion  i n  t h e  g a s t r o -  
i n t e s t i n a l  t r a c t  of man and animals .  The techniques  of f e c e s  
sampling when t h e  marker method i s  used ,  a r e  a l s o  d i scussed ,  
The ex tens ive  a p p l i c a t i o n  of  a number of i n d i c a t o r s  t o  s tudy  
t h e  r a t e  o f  passage of  food r e s i d u e s  i n  t h e  d i g e s t i v e  t r a c t  
makes t h i s  a major cons ide ra t ion  h e r e i n .  Consumption and 
d i g e s t i b i l i t y  of fo rage  by g raz ing  animals has  been an a r e s  of 
i n t e r e s t  and cha l lenge  t o  n u t r i t i o n i s t s ;  t h e  i n d i c a t o r  technique  
has con t r ibu ted  g r e a t l y  t o  t h i s  a r e a .  Food u t i l i z a t i o n  s t u d i e s  
i n  space  sugges t  i n t e r e s t i n g  problems which could u t i l i z e  nexr 
a p p l i c a t i o n  o f  t h e  i n d i c a t o r  method. 
An e a r l y  u s e  of  markers was t h e  s tudy  of  t h e  r a t e  of  psssaze 
of food r e s i d u e s  through t h e  d i g e s t i v e  t r a c t  o f  animals and man. 
Glass beads and smal l  seeds  were t y p i c a l  e a r l y  markers .  Tile u se  
of  t h e s e  p r i m i t i v e  markers has p r a c t i c a l l y  ceased;  t oday ,  t h e  
u s e  of  r a d i o a c t i v e  i s o t o p e s  and r a d i o a c t i v a t i o n  a n a l y s i s  provide 
added convenience and p r e c i s i o n  t o  marker techniques .  A var ie ty  
of food u t i l i z a t i o n  s t u d i e s  have t aken  advantage of t h e  i n d i c a t c  
technique .  S tud ie s  o f  d i g e s t i o n ,  abso rp t ion ,  and r e t e n t i o n  o f  
d i f f e r e n t  food n u t r i e n t s  were found t o  be  more convenient ,  less 
c o s t l y ,  and sometimes more p r e c i s e  w i th  t h e  u s e  of s u i t a b l e  in65- 
c a t o r s  t h a n  t h e  convent ional  method. 
CLASSIFICATION OF MARKERS 
The markers used i n  food u t i l i z a t i o n  o r  r a t e  o f  food 
passage may be  grouped va r ious  ways ; completeness and c l a r i t y  
sugges t  t h e  c l a s s i f i c a t i o n  given i n  Table I. A second grouping 
i s  a s e f u l  from a phys io logic  viewpoint .  T h e o r e t i c a l l y ,  any 
subs tance  which can b e  c l a s s i f i e d  i n  any of t h e  fo l lowing  
groups could b e  used as a marker i n  n u t r i t i o n .  
A. Absorbable 
1. Completely absorbed from t h e  a l imentary  t r a c t  and 
recovered i n  t h e  u r i n e .  Substances t h a t  f i t  i n  
t h i s  group may b e  r e f e r r e d  t o  a s  "u r ina ry  i n d i -  
ca to r s " .  Sweat and gaseous exchange a r e  possi 'b le  
exc re to ry  pa ths  f o r  t h e s e  compounds. A v a r i a b l e  
p o r t i o n  may b e  s t o r e d  and some may b e  l o s t  from 
s k i n  f u n c t i o n s .  
2. P a r t l y  absorbed from t h e  a l imentary  t r a c t  w i t h  a 
f i x e d  percentage  recovered unchanged i n  t h e  u r i n e .  
B. Non-absorbable f e c a l  markers 
Substances i n  t h i s  ca tegory  a r e  absorbed minimally 
from t h e  a l imentary  t r a c t  and may b e  v i r t u a l l y  corns1 eLeLy 
recovered  unchanged i n  t h e  f e c e s .  These substance!; are 
r e f e r r e d  t o  as " f e c a l m a r k e r s " .  The r e s i d u e  of compounds 
p a r t i a l l y  absorbed (A-2 above) could b e  u s e f u l  a s  f eeal 
markers . 
Most of t h e  work w i t h  markers has  involved t h e  use  of' sub- 
s t a n c e s  belonging t o  ca tegory  B due t o  t h e  a v a i l a b i l i t y  of  many 
subs tances  t h a t  a r e  known t o  f i t  i n  t h i s  group. Very l i m i t e d  
examples a r e  known of  m a t e r i a l s  i n  ca tegory  A t h a t  f o r  p r a c t i c a l  
reasons  and under a  v a r i e t y  of  cond i t i ons  may b e  accepted  f o r  
q u a n t i t a t i v e  use .  Ma te r i a l s  w i t h i n  ca tegory  B a r e  d i scussed  
h e r e i n  according t o  t h e  fo l lowing  c a t e g o r i z a t i o n :  
1. Ex te rna l  Markers 
a. P a r t i c u l a t e s  
b .  Dyes 
c  . Metal ox ides  
d. Mineral salts  
e.  So lub le  markers 
f .  Radioac t ive  markers 
g .  I n e r t  meta ls  
h.  Microorganisms 
i. Others 
2. I n t e r n a l  Markers 
a. S i l i c a  
b. Lignin 
c .  Chromogen 
d .  Feca l  n i t r o g e n  
e .  The a c i d  s o l u b l e  f e c a l  f r a c t i o n  
f  . Methoxyl and f i b e r  
DEFINITIOIf OF TERMS nr\rD CRITERIA 
A v a r i e t y  of terms have been used i n  t h i s  f i e l d .  
o f  t h e s e  a r e  p re sen ted  wi th  d e f i n i t i o n  and/or  example 
A group 
t o  i l l - ~ s  i r z t e  
t h e i r  meaning i n  t h i s  review.  
Extent  of passage:  The p o i n t  which undiges ted  r e s i d u e  of  
t h e  food comes t o  o r  has  passed through t h e  a l imentary  t r a c t  m a y  
b e  determined by t h e  u s e  of  markers wi thout  o therwise  dis turbing 
t h e  s u b j e c t  . Under c e r t a i n  cond i t i ons  of  d i g e s t i v e  system m z l -  
f unc t ion  o r  d i s o r d e r ,  t h e  food r e s i d u e  may b e  blocked a t  c e r t a i n  
p o i n t s  a long t h e  d i g e s t i v e  t r a c t .  The t e r n  e x t e n t  of passage Ss 
used t o  d e s c r i b e  how f a r  a  given i n g e s t e d  m a t e r i a l  t r a v e l e d  o r  
was allowed t o  p a s s .  
Passage of  i n g e s t a :  Mzny terms have been used t o  d e s c r i b e  
t h e  passage of i n g e s t e d  m a t e r i a l  th rough t h e  a l imentary  t r a c t .  
Most important  of t h e s e  a r e  " t r a n s i t  t ime" ,  " r e t e n t i o n  t ime" ,  
" r a t e  of  passage",  " r a t e  of flow", and " r a t e  of  t r a n s p o r t " ,  Tbcqe 
- 
terms have been f r e q u e n t l y  used in te rchangeably  ; t h i s  has  caus ec; 
much confusion.  To e l i m i n a t e  t h i s  confus ion ,  we propose t h e  
fo l lowing  d e f i n i t i o n s  t o  b e  compatible w i t h  t h e  d e r i v a t i o n  of 
terms used t o  i n d i c a t e  passage.  
1. T r a n s i t  t ime - This  i s  t h e  t ime it t a k e s  t h e  d i g e s t a  o f  
a given  meal t o  pass  through t h e  a l imentary  t r a c t  o r  
c e r t a i n  segments of  i t .  This  t ime a l s o  r e p r e s e n t s  t h e  
r e t e n t i o n  t ime of  t h i s  d i g e s t a  i n  t h e  t r a c t  o r  t h e  
p a r t i c u l a r  se,ment. A s imple way of  c a l c u l a t i n g  this 
t ime i s  by r eco rd ing  t h e  t ime  of f i r s t  o r  l a s t  a p ~ ~ i e a r r ~ ~ c z  
of t h e  marked r e s i d u e  o f  a  meal.  Other more u s e f u l  
methods t o  calcul-at  e  r e t e n t i o n  t ime i n c l u d e  "mean r e t  en-- 
t i o n  time" ( c a s t l e ,  1956a)  , "mean time" ( ~ l a x t e r  , Crab 
and Wainman, 1956) , and "turnover  t ime" ( ~ u n g a t e  , r966 , 
See pages 78-84. 
2. Rate of  passage - This  r e f e r s  t o  t h e  q u a n t i t y  of  digest1 
(as grams o r  % of q u a n t i t y )  t h a t  passes  a c e r t a i n  poin t  
a long  t h e  a l imentary  t r a c t  i n  a given amount of  t ime ,  
3.  Rate of f low - This  te rm denotes  t h e  q u a n t i t y  o f  digesta 
( a s  grams o r  % of  q u a n t i t y )  t h a t  t r a v e l s  a c e r t a i n  djs- 
t a n c e  i n  a given amount of t ime ( e . g . ,  g /m/hr ) .  
4. Rate of t r a n s p o r t  - This  term denotes  t h e  d i s t a n c e  (as 
cent imeters  o r  % of  l e n g t h )  t r a v e l e d  by t h e  d i g e s t s  of 
a g iven  meal through t h e  a l imentary  t r a c t  ( o r  c e r t a i n  
segments of  i t )  i n  a g iven  amount of  t ime.  
D iges t a :  Food and i n g e s t e d  m a t e r i a l  which i s  sub jec t ed  t o  d iges-  
t i o n  w i t h i n  t h e  d i g e s t i v e  t r a c t .  Techn ica l ly ,  it would inc lude  
s e c r e t i o n s ,  and exc re t ions  (mucosal c e l l s )  from d i f f e r e n t  d i g e s t i T : e  
organs . 
Exte rna l  i n d i c a t o r  : An i n d i c a t o r  o r  a marker which i s  addcd TO the 
d i e t  o r  t aken  o r a l l y ,  e . g . ,  chromic ox ide .  
I n t e r n a l  i n d i c a t o r  : An i n d i c a t o r  o r  a marker which occurs  naturnl l_ ,  
i n  t h e  d i e t ,  e .g . , l i g n i n .  
Crab sampling: This  i s  a technique  f o r  t h e  sampling of feees wr2c:e 
a sample i s  t aken  manually from t h e  rectum o r  from a recen; f c c z l  
p a t .  This  method i s  most ly used wi th  l a r g e  animals .  
Sward sampling: This  i s  another  technique  f o r  f eces  sampl i i~g  s r ) e c i -  
f i c a l l y  used w i t h  g raz ing  animals .  I n  t h i s  method f e c a l  s,%nplc, ,.i*e 
c o l l e c t e d  from t h e  sward of grazed a reas .  
Rat io  technique:  This  method i s  used f o r  determinat ion of diges-  
t i b i l i t y  when markers a r e  used. The marker /nut r ient  r a t i o  i s  
determined i n  t h e  food and f e c e s .  
Fecal  index method: This i s  another  method f o r  determinat ion 
of d i g e s t i b i l i t y  e s p e c i a l l y  used wi th  animals.  A r e -  
g res s ion  equation r e l a t i n g  d i g e s t i b i l i t y  t o  t h e  concent ra t ion  of  
a f e c a l  component ( e  .g . , i n t e r n a l  marker ) i s  e s t a b l i s h e d  from a 
conventional  d iges t ion  tr ial .  Subsequently, t h i s  equat ion is 
used t o  c a l c u l a t e  d i g e s t i b i l i t y  under s i m i l a r  condi t ions  where 
only concent ra t ion  of t h i s  p a r t i c u l a r  f e c a l  component i s  determined. 
A n u t r i t i o n a l  marker may be administered i n  one of  t h e  .T"olllovim~ 
ways depending on t h e  n a t u r e  of both  t h e  marker and t h e  s tudy:  
a .  it may be  taken wi th  t h e  food a f t e r  mixing wi th  part 0 2 .  a l l  
of t h e  d i e t ,  o r  d r i n k ,  
b .  it may be  taken i n  a  p i l l  o r  capsule when i t s  color  or  
t a s t e  i s  undes i rable  o r  when it i s  unchewable, 
c .  it may be prepared a s  a  powder o r  s o l u t i o n  t o  b e  taken 
o r a l l y  o r  v i a  supposi tory  o r  f i s t u l a ,  
d .  i n t e r n a l  markers occur n a t u r a l l y  i n  'the d i e t  and are 
t h e r e f o r e  inges ted  a s  a  p a r t  of t h e  d i e t .  
ir I 
The c r i t e r i a  of n u t r i t i o n  markers f o r  e f f e c t i v e  s tudy liere 
presented by Alvarez (1948).  These requirements have been modi icd 
and augmented h e r e i n .  For a  given m a t e r i a l  t o  q u a l i f y  as a ms7r ; ; - r  
i n  n u t r i t i o n a l  s t u d i e s ,  it should:  
a. b e  i n e r t  w i th  no t o x i c ,  phys io logic  o r  psychologic  eSEccts ,  
b .  b e  n e i t h e r  absorbable  nor metabol ized ( w i t h i n  t h e  a l i -  
mentary t r a c t ) ,  
c .  have no apprec i ab le  b u l k ,  
d. mix i n t i m a t e l y  wi th  t h e  u s u a l  food and remain uniL'orml;- 
d i s t r i b u t e d  i n  t h e  d i g e s t a ,  
e .  have no i n f l u e n c e  on a l imentary  s e c r e t i o n ,  d i g e s t i o n ,  
abso rp t ion ,  normal m o t i l i t y  o f  t h e  d i g e s t i v e  t r a c t ,  o r  
e x c r e t i o n ,  
f .  have no d i s c e r n i b l e  i n f l u e n c e  upon t h e  m i c r o f l o r a  of the 
a l imentary  t r a c t ,  
g . have qua l i t i jkes  t h a t  a l low ready ,  p r e c i s e  q u a n t i t a t i v e  
measurements and ,  
h .  have physical-chemical  p r o p e r t i e s  which make it d j s -  
c e r n i b l e  throughout  t h e  d i g e s t i v e  process .  
These c r i t e r i a  a r e  a p p l i c a b l e  f o r  t h e  q u a n t i t y  used wi th  &..~.c 
unders tanding  t h a t  t h e r e  can b e  n e g l i g i b l e  a c t i o n s  of  smal l  a ~ ~ o r r n t s  
of a  compound which would b e  unacceptable  i n  l a r g e r  q u a n t i t i e s .  
Non-d iges t ib i l i t y  , complete recovery  and ease  of  de t e r n i i n a ~ i o n  
have been t h e  c h a r a c t e r i s t i c s  of major concern i n  t h e  sea rch  f'o; 
i d e a l  n u t r i t i o n a l .  markers.  Less sys t ema t i c  knowledge has a c c u m ~ ~ i s ~ e d  
on o t h e r  c r i t e r i a .  However, it w i l l  b e  noted t h a t  l a r g e  qaa,iiii!Ses 
of some markers ( e . g . ,  Bas0 o r  c h a r c o a l )  do a f f e c t  i n t e s t i n a l  no- 4 
t i l i t y  (Alvarez,  1 9 4 8 ) ,  some mic rob ia l  c e l l s  may a f f e c t  t h e  quai-iti;y 
of  n u t r i e n t s  ( e .  g .  , l i v e  y e a s t  c e l l s  can absorb thiamine wh i l e  i r i i : l  er2 
y e a s t  provide much n u t r i e n t s  b e f o r e  t h e  "empty c e l l "  i s  exc re t ed ,  
Garber , Marquett , and Parsons , 1949 ; Ness , P r i c e ,  and Parsons , 
1 9 5 0 ) ,  some markers may b ind  o r  absorb n u t r i e n t s  ( e . g . ,  choles-  
t e r o l  l e v e l  of serum and l i v e r  i s  lowered when l i g n i n  i s  added 
cbe 
t o  t h e  diet,,Somer and Eyssen, 1971) and some markers may afl 'ee? 
t h e  a l imentary  f l o r a  ( e . g . ,  i n  v i t r o  s t u d i e s  show t h a t  1-10 p g / ~ ~ l  
o f  r a r e  e a r t h  minera ls  g ive  LD f o r  E. c o l i ,  Maier ,  1968) .  T l l ~ s ,  5 0 
a l l  c r i t e r i a  should b e  examined b e f o r e  complete acceptance can be  
g iven  f o r  any n u t r i t i o n a l  marker.  
PROPERTIES AND EVALUATION OF MARKERS 
EXTERNAL MARICERS 
P a r t i c u l a t e s  
E a r l i e r  markers inc luded  g l a s s  beads ,  small seeds and ehar- 
c o a l .  I n  1904 E l l i o t t  and Sarclay-Smith used co lo red  g l a s s  beals 
i n  t h e i r  s tudy  of t h e  d i s t r i b u t i o n  of food along t h e  digest , ive 
t r a c t  of r a b b i t .  Hoelzel  r epo r t ed  (1930) t h a t  i n  1915 he ingrsCed 
about 300 g of  g l a s s  beads i n  p l ace  of  a meal and a s  a consequence 
a s e r i o u s  cond i t i on  of  c o n s t i p a t i o n  developed sugges t ing  t h a t  
g l a s s  beads pass  through t h e  d i g e s t i v e  t r a c t  much s l o v e r  than  
normal food r e s i d u e s .  This  impression w a s  pu t  t o  a f u r t h e r  e x p i l ~ i -  
mental  t e s t  immediately a f t e r  t h e  appearance of  a p u b l i c a t i o n  
Alvarez and Freedlander  i n  1924 on t h e  u s e  of co lored  beads as n 
t e s t  m a t e r i a l  t o  determine t h e  r a t e  of  progress  of food r e s idue :  
i n  t h e  d i g e s t i v c  t r a c t  of man. Glass beads (about  2mm i n  d i a ~ x e ~ e * )  
and a group of o t h e r  m a t e r i a l s  were t e s t e d  by Koelzel on liimsel 1'. 
He concluded (1924) t h a t  g l a s s  beads pass  through t h e  d i g e s t i v c  
t r a c t  s lower than  food and m a t e r i a l  which i s  more l i k e  ordinary 
food r e s i d u e s  ( e .g .  , c o t t o n  t h r e a d  knots  and sma l l  s e e d s )  and 
t h a t  t h e  r a t e  o f  passage o f  t h e  v a r i o u s  subs tances  was roughly 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e i r  s p e c i f i c  g r a v i t y ,  i . e . ,  heav ie r  
1 
m a t e r i a l s  pass  more s lowly than  do l i g h t e r  m a t e r i a l s .  However, 
i n  view of t h e  s t and  t aken  by Alvarez (1928) i n  which he r e i t e r -  
a t e d  t h e  f i n d i n g s  obta ined  wi th  g l a s s  beads a s  evidence of t h e  
normal i n t e s t i n a l  r a t e ,  Hoelzel  decided t o  examine t h e  problem 
more e x t e n s i v e l y .  I n  1930 he  summarized h i s  exper ience  w i t h  
g l a s s  beads and a group o f  o t h e r  i n e r t  m a t e r i a l s  i nc lud ing  
rubbe r ,  c e l l u l o s e  ( c o t t o n  knots  ) , smal l  seeds ( tomato,  m i l l e t ,  
g r ape ,  sunflower,  and , smal l  p i e c e s  of  me ta l  ( a luminm , 
s t e e l ,  s i l v e r ,  and g o l d ) ,  g r a v e l ,  barium s u l f a t e ,  f e r r i c  ox ide ,  
and carmine a s  i n d i c a t o r s  o f  t h e  r a t e  of passage through t h e  
d i g e s t i v e  t r a c t  of r a b b i t s ,  gu inea  p i g s ,  dogs,  c a t s ,  ra t s ,  mice ,  
monkey, pigeons,  hens a s  w e l l  a s  h imse l f .  Af t e r  s a c r i f i c i n g  t h e  
animals and segmenting t h e i r  d i g e s t i v e  t r a c t ,  u s ing  f luo roscop ic  
obse rva t ions  and x-ray,  he  was a b l e  t o  determine t h e  l o c a t i o n  oT 
t h e  t e s t  mater ial- .  Stereoroentogenograms were made t o  determine 
t h e  l o c a t i o n  i n  man. He r ea f f i rmed  h i s  e a r l i e r  conclusions ox? 
g l a s s  beads and t h e  r e l a t i o n s h i p  between t h e  s p e c i f i c  g r a v i t y  azid 
t h e  r a t e  of  passage and was a b l e  t o  l o c a t e  t h e  main s i t e s  of s t a s i s  
of  t h e  heav ie r  m a t e r i a l s  i-n d i f f e r e n t  s p e c i e s .  
Alvarez (1948) found t h a t  when g l a s s  beads of  d i f f e r e n t  co;o_ s 
were g iven  t o  each of  a group of p a t i e n t s  on t h r e e  succes s ive  d,*r;:  
many of  t h e  l a t e r  ones caught up w i t h  o r  passed t h e  f i r s t  ones. Ic 
s p i t e  of t h e s e  c r i t i c a l .  d i s advan tages ,  some workers c o n t i m ~ e  t,o use 
g l a s s  beads a s  a  marker.  Recent ly ,  Ba i ly  (1968) used colored 
g l a s s  beads i n  h i s  s tudy  o f  t h e  r a t e  of  food passage i n  r a b b i t s  
and assumed t h a t  g l a s s  beads pass  through t h e  d i g e s t i v e  t r a c t ,  
of t h e  r a b b i t  at a  r a t e  approximating t h e  passage of n a t u r a l  
foods .  
I n  1921 Burne t t  gave h i s  s u b j e c t s  a  d i f f e r e n t  subs tance  
a f t e r  each of t h e  t h r e e  d a i l y  meals ;  r ape  seed  was inges t ed  a t  
8 a.m. , cha rcoa l  a t  2 p.m. , and m i l l e t  seed at 8 p.m. He con- 
cluded t h a t  w i t h  slow i n t e s t i n a l  r a t e  t h e  t h r e e  subs tances  were 
so  commingled i n  t h e  f e c e s  t h a t  it was d i f f i c u l t  t o  recognize  
any one of them b e f o r e  t h e  o t h e r s  and t h a t  charcoa l  may some- 
t imes  cause an unna tu ra l  r e t a r d a t i o n  of  t h e  r a t e  of passage ,  
Be p r e f e r r e d  m i l l e t  seed  a s  t h e  t e s t  m a t e r i a l  and used it i n  
subsequent s t u d i e s  (1921, 1923) .  He poin ted  o u t .  t h a t  t h i s  seed 
i s  no t  u n l i k e  t h a t  of tomatoes and b e r r i e s ,  foods t h a t  a r e  T r e -  
quent ly  i n g e s t e d  and t h e y  a r e  r e a d i l y  r e c o q i z e d  a s  whi te  do i s  
on t h e  dark  brown f i e l d  of  t h e  f e c e s .  
Eoe lze l  (1930) r e p o r t e d  t h a t  when m i l l e t  seeds  and t h r e a d  
kno t s  were adminis te red  s imul taneous ly ,  t h e  i n i t i a l  r a t e s  ( t & e n  
from t h e  f i r s t  appearance)  f o r  t h e  seeds  and knots  were a l i k e  
b u t  t h e  f i n a l  r a t e  f'or t h e  seeds was about 24 hours longer  Lhnn 
t h e  f i n a l  r a t e  f o r  t h e  kno t s .  IIowever, t e s t s  made wi th  charcoal 
and knots  by IIoelzel (1930) showed ne i - ther  i n i t i a l  nor g r o s s  
f i n a l  r e t a r d a t i o n  of' t h e  cha rcoa l .  So,  when 50 cc  of  French 
m i l l e t  s e e d ,  LOO k n o t s ,  and 1 . 5  gm of' cha rcoa l  were i i ~ g e s t ~ c d  
t o g e t h e r  by man, t h e  knots  and cha rcoa l  passed i n  ?qua1 t i n e  
w h i l e  t h e  f i n a l  passage of t h e  seeds  was delayed a s  i n  t h e  o t b c r  
t e s t s .  Van L i e r e ,  S t i ckney ,  and Northup (1945) gave 50 cc  of  a 
mix tu re  of 10% charcoa l  suspension i n  10% gum a c a c i a  i n  wa te r  
by stomach t u b e  t o  dogs. They assumed t h a t  t h e s e  two m a t e r i a l s  
were p h y s i o l o g i c a l l y  i n e r t  b u t  t hey  conceded t h a t  t h e i r  t e s t  meal 
d i d  not  s a t i s f y  t h e  c r i t e r i a  suggested by N v a r e z  (1948) f o r  a 
marker.  Charcoal w a s  a l s o  used by Guernsey and Arvard (1914) i n  
d i g e s t i o n  s t u d i e s  w i th  sv ine .  
Other m a t e r i a l s  which may belong t o  t h i s  group of  markers 
i nc lude  rubber  and p l a s t i c s .  E'wing and Smith (1917) s t a t e d  that 
bone b l a c k ,  carmine, f i n e l y  ground cha rcoa l ,  o r  bismuth compounds 
were u n s u i t a b l e  f o r  ruminants and used rubber  d i s c s  i n  t h e i r  
s t u d i e s  of  food passage and d i g e s t i o n  w i t h  c a t t l e .  King and 
Moore (1957) used p l a s t i c  p a r t i c l e s  w i t h  c a t t l e  and humans. 
Cmpl ing  and Freer  (1962) used rubber  and p l a s t i c  p a r t i c l e s  with 
c a t t l e  and showed t h e  importance of p a r t i c l e  s i z e  and s p e c i f i c  
g r a v i t y  i n  determining r e t e n t i o n  t ime o f  t h e s e  p a r t i c l e s  ir t h e  
a l imen ta ry  t r a c t .  A comparison between polys tyrene  pn r t i e l - e s  
and s t a i n e d  food suggested t h a t  t h e  former was u n l i k e l y  t o  provicc  
an  a l t e r n a t i v e  method f o r  e s t ima t ing  r e t e n t i o n  t ime of  food i n  ~ ! , c  
d i g e s t i v e  t r a c t  o f  t h e  cow ( ~ a n p l i n g  and F r e e r ,  1962) .  On t h e  
o t h e r  hand,  work by Chandler,  Kes le r  and I4cCarthy (1964) i r z C i  c?-ic:d 
t h a t  po lye thylene  was an  accep tab le  marker f o r  d i g e s t i b i l i t y  
s t u d i e s .  Idhen t h i s  m a t e r i a l  ( p a r t i c l e  s i z e ,  50 mesh; den? i t y ,  0,916) 
was f e d  t o  ca lves  at t h e  l e v e l  of  5% of  t h e  d i e t  (d ry  matbein '02 
recovery  was 100 .3  - + 9.3% and d ry  m a t t e r  d i g e s t i b i l i t y  detcrmir eir b2 
t h e  marker method agreed w i t h  t h a t  determined by t h e  convenldbonal- 
method of t o t a l  c o l l e c t i o n .  From t h e  s tudy  of  t h e  distribution 
of d i g e s t a ,  dry m a t t e r ,  and polye thylene  along t h e  alimental-y 
t r a c t ,  t h e s e  au tho r s  suggested t h a t  t h i s  m a t e r i a l  may a l s o  be  
used 70 s tudy  t h e  changes i n  dry  m a t t e r  occu r r ing  w i t h i n  t h e  
t r a c t  o r  t h e  changes i n  n u t r i e n t s  a s s o c i a t e d  w i t h  t h e  dry  m z t t e r  
i n  movement and d i s t r i b u t i o n .  
Newborn animals a r e  known t o  absorb l a r g e  molecules and 
p a r t i c u l a t e s  f o r  s e v e r a l  hours fo l lowing  b i r t h .  Payne 's  (1964) 
review of  p a r t i c u l a t e  absorp t ion  from t h e  a l imentary  c a n a l  indi- 
c a t e s  a minute q u a n t i t y  of b a c t e r i a  and most r a d i o a c t i v e  p a r t i -  
c u l a t e s  a r e  t aken  up i n  t h e  t o n s i l s  of  a d u l t  animals and man. 
Large q u a n t i t i e s  o f  r a d i o a c t i v i t y  were found i n  a l imentary  -5:act 
lymph nodes when t h e  p a r t i c l e  s i z e  was l e s s  t h a n  5 y i n  d iameter ,  
FThen t h e  p a r t i c l e  s i z e  was 20-30 p i n  d iameter ,  abso rp t ion  was 
n e g l i g i b l e  w i t h  r e s i n s  impregnated w i t h  198  Au. 
Z X E  
Carmine, a  r e d  o r  purp l i sh- red  pigment obta ined  mainly Pro? 
coch inea l ,  i s  one of  t h e  e a r l i e s t  m a t e r i a l s  used t o  d e t e m i ~ e  rcbLe 
of food passage.  Alvarez and Freedlander  (1924) po in t ed  out  %fi - i  
f i v e  g r a i n s  (0 .3  g )  of carmine g iven  t o  puppies came through so  
completely i n  24 hours  t h a t  none can b e  seen macros copical  1) aC1 el- 
t h a t .  When 1 0  g r a i n s  were g i v e n ,  t h e  puppies developed dizrrhe?, 
Based on t h e s e  observa t ions  t h e s e  workers ques t ioned  t h e  s u i t a i l )  1 1 C ~  
of carmine f o r  measuring t h e  normal r a t e  of progress  of t h e  Too4 
r e s i d u e s .  Mulinos (1935) gave each of 140 men and 1 0  women a. c ~ 1 ) ~ u  '(. 
conta in ing  10 g r a i n s  of carmine and found t h a t  a  t h i r d  of h i s  
p a t i e n t s  passed most of it with t h e  f i r s t  s t o o l  from 6 t o  48 
hours l a t e r .  Half of t h e  p a t i e n t s  passed most of t h e  dye w i t h  
t h e  second s t o o l ,  from 9  t o  98 hours a f t e r  i n g e s t i o n .  Alvarez 
(1948) commented t h a t  t h e s e  r e s u l t s  made him s u r e  t h a t  t h e  
carmine method was very  crude.  Under c e r t a i n  cond i t ions ,  ear- 
mine may have some undes i rable  s i d e  e f f e c t s .  Hoelzel (1930) 
r epor t ed  t h a t  he  d iscont inued us ing  carmine a f t e r  f ind ing  that 
it caused nausea when taken during a  f a s t .  
Lutwak and Burton (1964) at tempted t o  dev i se  a marlier 
vh ich  would permit sha rp  d i f f e r e n t i a t i o n  between s h o r t  meta- 
b o l i c  per iods  and would move i n  t h e  i n t e s t i n e  a t  a r a t e  s i m i l a r  
t o  t h a t  o f  t h e  f e c a l  bo lus .  They found t h a t  t h e  a d m i n i s t r z t i o n  
of  b r i l l i a n t  b l u e  ( d i s o d i m  salt  of 4-{ [4-N-ethyl-p-sulfobenz~rl- 
amino ) phenyl] (2-sulf  on ium~heny l  )-methylene [ l -  ( ~ - e t l ~ ~ l - ~ - ~ -  
su l fobenzy l  )-b2 ' 5 -cyc lohexadie~imine]  , c o n s i s t e n t l y  r e s u l t e d  i n  
t h e  passage of  b r i g h t l y  co lo red  s t o o l s  ranging i n  hue from grass 
g reen  t o  b r i g h t  b l u e ,  depending on t h e  amount of  b i l e  pigments 
p r e s e n t .  However, t h e  p ropens i ty  of  t h i s  dye t o  sp read  ou t  i n  
t h e  s t o o l  f o r  s e v e r a l  days passage was s i m i l a r  t o  t h a t  of carnine, 
They found t h a t  when b r i l l i a n t  b l u e  o r  carmine was suspended i n  
an aqueous g e l  of me thy lce l lu lose ,  a s t a b l e  homogeneous p reps r s -  
t i o n  r e s u l t e d  which d i d  not  s t a i n  mucous membranes even i ~ h e n  l l e l ( ?  
i n  t h e  mouth f o r  pe r iods  up t o  5 minu3es. A f t e r  d r y i n g ,  t h e  m i x - ,  
t u r e  was found t o  c o n s i s t  o f  dye adsorbed onto  t h e  m e t h y l c e l l u l o s e ,  
The d ry  mixture  was t h e  form i n  which t h e  p repa ra t ions  were x s e d  
exper imenta l ly .  l a e n  t h e  two dye p repa ra t ions  were compared, sovc 
d i f f e r e n c e s  were observed i n  t h e  t ime r equ i r ed  f o r  t h e  complete 
passage and were a t t r i b u t e d  t o  t h e  f a c t  t h a t  b r i l l i a n t  b l u e  i s  
more r e a d i l y  v i s i b l e  i n  t h e  s t o o l  t h a n  carmine and t h u s ,  could be  
observed long  a f t e r  t r a c e s  of carmine become obscured by t h e  in-- 
he ren t  co lo r  of  t h e  s t o o l .  
Kindel (1960) t e s t e d  a t o t a l  of 23 dyes and dye-mater ials  "or 
marking t h e  f e c e s  of sheep.  Four dyes were found t o  impart  a good 
s t a i n  t o  t h e  f e c e s ;  methylene b l u e  produced a blue-green s t a i - n ,  
c r y s t a l  v i o l e t  produced a v i o l e t  s t a i n ,  b a s i c  Yuchsjn produceci a 
r e d  s t a i n ,  and a n i l i n e  b l u e  produced a  deep b l u e  s t a i n .  The dyes 
i n  powder form were mixed wi th  d ry  ground feed  and s a l t ,  and verse 
f e d  t o  sheep.  Methylene b l u e  was f e d  i n  1-, 2-, and 3-grsn doscs 
which produced similar s t a i n i n g  r e s u l t s .  A l l  o t h e r  dyes were fed 
i n  s i n g l e  doses o f  approximately 10  gratins. The e f f e c t i v e  dyes 
appeared i n  t h e  f e c e s  of sheep approximately 24 hours a f t e r  inges-  
t i o n  and cont inued t o  appear f o r  2 t o  4 days a f t e rwards .  
The foregoing  d i scuss ion  inc luded  a  group of dyes and si;ai:iir:_~ 
m a t e r i a l s  which can only b e  determined q u a l i t a t i v e l - y  by observ i rl-; 
t h e  f i r s t  and l a s t  appearance of t h e  marker i n  t h e  f eces  o r  a t  any 
p o i n t  a long t h e  d i g e s t i v e  t r a c t .  T h i s ,  however, a l lows some qmn-- 
t i t a t i v e  measurements t o  be  made such a s  t h e  t ime it t a k e s  t h e  
marker t o  t r a v e l  a  c e r t a i n  d i s t a n c e  o r  t o  reach  a c e r t a i n  yoint. 
Sometimes, t h e  q u a n t i t a t i v e  de te rmina t ion  of  t h e  dye i t s e l "  
i s  d e s i r a b l e .  Corbin and Forbes (1951) have used anthraquinnne 
v i o l e t  a s  a  r e f e r e n c e  m a t e r i a l  i n  t h e i r  d i g e s t i b i l i t y  s t u d i  c? s r i  TI;  
sheep.  They found t h a t  t h i s  dye w a s  r e a d i l y  s o l u b l e  i n  benzene an? 
e a s i l y  e x t r a c t e d  and i t s  c h a r a c t e r i s t i c  l i g h t  abso rp t ion  spec t r~2q  
allowed it t o  be r e a d i l y  measured spec t ropho tome t r i ca l ly  a t  578 xc, 
0.5  g of  anthraquinone v i o l e t  was g iven  i n  g e l a t i n e  caps1ll.e~ 
t o  lambs tw ice  d a i l y  b e f o r e  f e e d i n g ,  t h e  average recovery of t h c  
dye i n  t h e  f e c e s  of 9  lambs was 100.5% (96.4-106.0%). On t h e  o'chcu. 
hand,  F l a t t  , Horvath, DeCosta, Stewart, ,  and Wa.rner (1957 ) reporLed 
t h a t  anthraquinone v i o l e t  was absorbed from t h e  rwnen and t h e  r a t e  
of abso rp t ion  was t o o  v a r i a b l e  f o r  t h e  dye t o  b e  of' va lue  a s  ,211 
i n d i c a t o r .  These au thors  r e p o r t e d  a recovery of  l e s s  t han  70% 
f o r  t h i s  dye i n  pre l iminary  s t u d i e s  w i t h  mink and r a b b i t .  :n 
s t u d i e s  w i t h  p i g s ,  t hey  showed t h a t  feeding  anthraquinone v i o l e t  
a t  t h e  l e v e l  of 0.025% of t h e  r a t i o n  r e s u l t e d  i n  co lo r ing  the 
f a t  of t h e  ca rcas s  ; t h e  c o l o r  p e r s i s t e d  f o r  6 - 7 months a f t e r  
t h e  dye had been wi thhe ld .  D i g e s t i b i l i t y  was c o n s i s t e n t l y  
lower when determined w i t h  anthraquinone v i o l e t  t han  wi th  cliro-nic 
oxide ;  a g r e a t e r  d i f f e r e n c e  was noted when t h e  d i e t  containe6. 
added f a t .  Fu r the r  work by E l l i s  (1971, pe r sona l  co~nrnunicat ion~ 
i n d i c a t e d  t h a t  anthraquinone v i o l e t  was u n s u i t a b l e  f o r  determin- 
a t i o n  of  rumen volume i n  t i e d  o f f  rumen p r e p a r a t i o n s .  The s-trabir? 
corneum w a s  found s t a i n e d  and t h e  dye cou1.d not  b e  removed b y  
e x t r a c t i o n  w i t h  benzene sugges t ing  adso rp t ion  t o  t h e  mucosa, 
Absorption was a l s o  i n d i c a t e d  from t h e  s t a i n e d  vascu la r  system 
w i t h i n  t h e  su5mucosa. 
Phenol r ed  has been used f o r  measurement of  absorp t ion  znd 
t r a n s i t  i n  t h e  d i g e s t i v e  t r a c t  o f  t h e  rat  ( ~ e y n e l l  and Spray ,  
1956) and f o r  de te rmina t ion  of  rumen f l u i d  volume ( ~ e c k e r  , B u ~ ~ L -  
Olsen,  and Ostwald, 1964) .  Reynel l  and Spray (1956) suggested 
b ind ing  i n  t h e  stomach a s  t h e  reason  f o r  incomplete recovery  of  
t h i s  dye wh i l e  Hecker e t  a l .  (1964) suggested t h a t  phenol red w-25 
no t  broken d0>~n i n  rumen f l u i d  on t h e  b a s i s  of  complete recovcr; 
wi th  i n  v i t r o  t echn iques .  
Monastral b l u e  (copper phtha locyanin)  i s  another  dye sugSe -t cc 
f o r  d i g e s t i b i l i t y  s t u d i e s  by Coup and Lancas te r  (1952) .  I t s  clu-11- 
t i t a t i v e  de te rmina t ion  r e q u i r e s  a n a l y s i s  f o r  copper s i n c e  it co: 
t a i n s  about 11% of t h i s  element.  This  i s  a d i s t i n c t  d i sadvantage  
because copper i s  a n a t u r a l  food n u t r i e n t  and a c o n s t i t u e n t  of  
t l i e  body. 
The use  of heavy i n e r t  i n d i c a t o r s  has  deen  c r i t i c i z e d  by 
some workers because of  e r r o r s  t h a t  may be  in t roduced  due t o  
d i f f e r e n t i a l  r a t e s  of passage of food r e s i d u e  and i n d i c a t o r s  
( ~ a l c h ,  1950; Johnson, Dinusson, and Bo l in ,  1964; Drennan, Holmes, 
and G a r r e t t ,  1970) .  I n  t h e  s t a i n e d  p a r t i c l e  t echn ique ,  f eed  par- 
t i c l e s  s e r v e  a s  t h e  marker a f t e r  be ing  s t a i n e d  v i t h  t h e  appro- 
p r i a t e  dye. 
Lenkei t  and Habeck (1930) desc r ibed  a method t o  s tudy  food 
passage through t h e  d i g e s t i v e  t r a c t  of ruminants i n  which the 
marker was e i t h e r  hay o r  s t r aw  colored  w i t h  magenta o r  ac id  
f u c h s i n ;  t h e  s t a i n e d  p a r t i c l e s  i n  t h e  f eces  were c o l l e c t e d  and 
counted.  Other e a r l y  r e p o r t s  on t h i s  a r e a  inc lude  t h a t  of  XabecL 
(1930) , Lenkei t  (1932) , U s u e l l i  (1933) , and Columbus (1936) . 
Balch (1950) has  adopted t h e  s t a i n e d - p a r t i c l e  t echn ique ,  whic;! 
h e  made semi -quan t i t a t i ve ,  t o  measure t h e  r a t e  of  passage throu;li 
t h e  g a s t r o i n t e s t i n a l  t r a c t  of ruminants .  A smal l  p ropor t ion  of 
t h e  meal (about  5%) w a s  s t a i n e d  w i t h  a s u i t a b l e  djre and mixed 
thoroughly w i t h  t h e  r e s t  o f  t h e  d i e t .  Samples of  d i g e s t a  or 
f eces  a r e  s i eved  t o  make p o s s i b l e  v i s u a l  i d e n t i f i c a t i o n  of the 
s t a i n e d  p a r t i c l e s  which can b e  counted and weighed. The rei-ovem-:\r 
o f  s t a i n e d  r e s i d u e s  can b e  expressed i n  s e v e r a l  ways a s  presented 
by C a s t l e  (1956) and reviewed by Balch and Campling ( 1 9 6 ~ ) ~  
E l l i s  and Huston (1367; 1 9 6 8 ) ,  however, desc r ibed  t h e  
s t a i n e d  p a r t i c l e  technique  as l abo r ious  and t ime consuming 
and r a i s e d  s e r i o u s  ques t ions  concerning t h e  s i g n i f i c a n c e  which 
can be  a t t a c h e d  t o  measurements ob ta ined  by t h i s  technique .  
T h r e e s d i f f e r e n t  s i z e  p a r t i c l e s  o f  ground a l f a l f a  hay were 
s t a i n e d  d i f f e r e n t  c o l o r s  and f e d  t o g e t h e r  i n  a s i n g l e  meal 
t o  sheep.  It was concluded t h a t  mean r e t e n t i o n  t imes  based 
on counting s t a i n e d  f e c a l  p a r t i c l e s  c o l l e c t e d  on a  60-mesh 
s i e v e  as compared t o  a 40-mesh s i e v e  were s i g n i f i c a n t l y  l e s s  
f o r  t h e  sma l l e r  s i z e  f eed  p a r t i c l e s  and not  s i g n i f i c a n t l y  
d i f f e r e n t  f o r  t h e  two l a r g e r  s i z e  f eed  p a r t i c l e s   a able 2 ) .  
Observat ions r ega rd ing  t h e  f a s t e r  passage of  t h e  f i n e  p a r t i c l e s  
i n  comparison wi th  t h e  coa r se  ones were a l s o  shown by Balch 
and Campling (1965) and were confirmed by means of uniformly 
1 4  C-labeled n e u t r a l  de t e rgen t  f i b e r  ( c e l l  w a l l s  ) w i t h  d i f f e r e n t  
p a r t i c l e  s i z e  ( smi th ,  Waldo, Moore, L e f f e l ,  and Van S o e s t ,  1.9671 
and by s t u d i e s  of  r a d i o a c t i v e  cerium ( E l l i s  and Huston, 196R), 
These r e s u l t s  a r e  important  s i n c e  many i n v e s t i g a t o r s  used for 
c o l l e c t i n g  s t a i n e d  f e c a l  p a r t i c l e s  a  cotton-gauze f i l t e r  or s in1 1 "r 
m a t e r i a l s  of  r e l a t i v e l y  coa r se  and undefined p o r o s i t y  ( ~ a l c h ,  1950; 
C a s t l e ,  1956) and o t h e r s  used a  40-mesh s i e v e  (Eng, Riewe, C r s i ,  , 
and Smith, 1964) .  E l l i s  and Huston (1967) s t a t e d  t h a t  on "iiie b; si c; 
of t h e i r  r e s u l t s  t hey  expect  t h a t  app rec i ab ly  d i f f e r e n t  re1en;iec 
t ime would b e  obta ined  from t h e  use  of 8 riner-mesh s i e v e  as coy - 
t r a s t e d  t o  coarser-mesh gauze. Balch and Campling (1365) d e~non I pni e(i  
t h a t  t h e  r e t e n t i o n  t ime of s t a i n e d  ruminaht S e P b  i s  infl.izexzcc,ij ? rr5ia-i 
\ 
f a c t o r s  i nc lud ing  s i z e  and s p e c i f i c  g r a v i t y  of  t h e  p a r t i c l e s ,  
bu t  found polys tyrene  u n s a t i s f  a c t o r y  and f i n e l y  ground chromic 
oxide unsu i t ab l e  as markers f o r  de te rmina t ion  of' r e t e n t i o n  time 
i n  t h e  d i g e s t i v e  system of ruminants .  
A mod i f i ca t ion  of t h e  s t a i n e d  p a r t i c l e  technique  has b e e r  
intro'duced by Aspl-und and I-Iarris (1970).  I n  t h i s  procedure t h e  
l abo r ious  counting of t h e  s t a i n e d  p a r t i c l e s  i s  r ep l aced  by quail- 
t i t a t i v e  recovery of t h e  dye. The major d i f f i c u l t y  encountered 
i n  t h i s  work w a s  t h e  masking of  dye c o l o r  by chromogens i n  f eed  
and f e c e s .  The dye used i n  t h i s  s tudy  was Sudan 111 which i s  
e x t r a c t a b l e  w i th  ace tone .  A b e t t e r  procedure f o r  determination 
of t h i s  dye o r  a b e t t e r  dye w i l l  make t h i s  a d e s i r a b l e  t echn ique ,  
Metal Oxides 
- 
The main conpounds i n  t h i s  group t h a t  have been considered 
a s  f e c a l  markers a r e  chromic oxide ,  f e r r i c  ox ide ,  and t i t a n i m  
oxide .  Thei r  use a s  f e c a l  markers has  been lnostly i n  s t u d i e s  of 
food u t i l i z a t i o n .  
Chromic oxide 
A group of chromium-containing conpounds has been shown t,o 
possess  c h a r a c t e r i s t i c s  of i n e r t  i n d i c a t o r s .  Among t h e s e  are 
chromium sesquioxide  ( chromic ox ide ,  C r  0 ) , chromium c h l o r i d e  2 3 
51 ( C r C l  ) ,  sodium chromate (Xa 5 1 ~ r 0 4 ) ,  and 51~r - l abe l ed  ery-c,ilro- 3 2 
c y t e s  o r  hemoglobin. Of a l l  t h e s e ,  on ly  chromic oxide has been 
widely used i n  bo th  r a d i o a c t i v e  and non-radioact ive forms i n  
s t u d i e s  of  food u t i l i z a t i o n .  I 
Adult humans have chromium always i n  t h e  lung b u t  not  a-ii~o:-:: 
i n  o t h e r  t i s s u e s .  Wild and domestic animals have more chro:niun 
i n  t i s s u e s  t han  man. Foods con ta in  l i t t l e  chromium, g e n e r a l i y  
l e s s  t h a n  0 . 1  pg/g f r e s h  weight  except f o r  thyme 10  pg,  and 
b l ack  pepper 3.7 pg ( ~ c h r o e d e r  , Balas sa ,  and T ip ton ,  1962) .  
Chromic oxide  (chromium sesgu iox ide ,  C r  0  ) w i t h  a  moleculs r  2  3 
weight of  152.02 i s  l i g h t  t o  dark green  i n  co lo r  and p r a c t i c a l l y  
i n s o l u b l e  i n  w a t e r ,  a l c o h o l ,  ace tone ,  b u t  s l i g h t l y  s o l u b l e  i n  
a c i d s  and a l k a l i s  ( ~ e r c K  Index,  1968) . The chemical d e t  e rmina t ic  n 
of C r  0  i n  t h e  f e c e s  (Whitby and Lang , 1960 ; Daly and A n s t a l l ,  
2 3 
1964; Cheong and S a l t ,  1968; Mink, Schefmman-Van Neer,  and EIabe'cs, 
1969) i s  somewhat t e d i o u s  and t h e r e  a r e  some doubts about t h e  
adequacy o f  t h e  chemical a n a l y t i c a l  methods. The use  of  r ad io -  
a c t i v e  51~r ,  however, s i m p l i f i e d  t h e  de te rmina t ion  procedure 
cons iderably     as soon , 1966) . 
Since  commercial chromic oxide  con ta ins  sma l l  amounts of 
dichromate , p u r i f i c a t i o n  has been recommended b e f o r e  u s e  ('j~bitb; 
and Lang , 1960 ; Sassoon , 1966) . 
Whitby and Lang (1960) r epo r t ed  t h a t  some r a r e  examples cC 
a c u t e  a p p e n d i c i t i s  have been d i r e c t l y  a t t r i b u t e d  t o  t h e  use  of 
barium c o n t r a s t  m a t e r i a l s  i n  x-ray examinations and s i n c e  Cr 0 
2 3 
i s  more dense than  barium s u l f a t e ,  s i d e  e f f e c t s  due t o  t h e  use 
of C r  0 have  been of i n t e r e s t  t o  some inves t iga , to r s .  They 
2  3  
poin ted  ou t  t h a t  t h e r e  were no s i d e  e f f e c t s  d i r e c t l y  a t t r i h u t a b ?  3 
t o  t h e  admini-s t rat ion of  C r  0  Schroeder ,  Vinton,  and Balassa 2  3' 
(1963a,b)  found t h a t  t h e  a d d i t i o n  o f  C r  t o  t h e  d i e t s  of mice cLnd 
r a t s  a t  t h e  l e v e l  of  5 ppm r e s u l t e d  i n  i nc reased  weight gain. 
Surv iva l  was not  a f f e c t e d  by t h e  added me ta l  i n  a l l  groups arid 
m o r t a l i t y  of young male mice was reduced. I n  a l a t e r  experiment ,  
however, Schroeder ,  Ba la s sa ,  and Vinton (1964) found t h a t  givin~ 
Cr t o  mice i n  d r ink ing  water a t  t h e  l e v e l  of 5 ppm from weaning 
till dea th  r e s u l t e d  i n  i nc reased  m o r t a l i t y  and decreased l o ~ ~ g e -  
v i t y  i n  males bu t  n o t  i n  females.  
The u s e  of chromic oxide  as a f e c a l  marker w a s  f i r s t  pi-aposcd 
by Edin (1918).  Workers have found it unabsorbable w i th  e s s e n t i  ~ J - l y  
complete recovery i n  t h e  f e c e s  which was shown by convent ioi ic l  
methods of chemical a n a l y s i s .  Kane, Jacobson,  and Moore (1350 ) , 
us ing  d a i r y  cows, showed t h a t  it was p o s s i b l e  t o  recover  99.9% 
(96.7-102.1%) of  t h e  chromic oxide  i n  t h e  f e c e s  of ruminants ,  
S tud ie s  on humans, however, showed a recovery of  on ly  93% (80-1~3%); 
Rose (1964) a t t r i b u t e d  t h e  lower r ecove r i e s  t o  e i t h e r  t h e  s h o r t  
du ra t ion  of t h e  s tudy  i n  some cases  o r  t o  f e c a l  l o s s e s  which were 
not  recognized i n  o t h e r  ca ses .  More r e c e n t l y ,  however, Sharge ~ " l d  
Robinson (1970) have shown t h a t  mean recovery of  i nges t ed  cllromjc 
oxide  by young women was 101% (100-103%) which i s  i n  l i n e  with 
r e s u l t s  on ruminants by Kane E&. (1950) .  Complete recovzry 1.3s 
a l s o  confirmed by means of  r a d i o a c t i v e  i so topes  ( ~ i s e k ,  W h i ~ ~ i e v ,  
Krdin, and Cornar , 1953; Kane, Jacobson, and Dame~~~ood, 1959; ';acK/;c 1 4 i  c , 
Anwar, Byerrum, and Hoppert,  1959; Donaldson and Barreras  , 1966, 
Pearson ,  1966; Sassoon, 1966; and Ut l ey ,  Bol ing ,  Bradley ,  and  Tr,cl-c-r, 
1970; s e e  d i scuss ion  on 5 1 ~ r ) .  
D i g e s t i b i l i t y  d a t a  obta ined  by t h e  chromic oxide  r a t i o  Lee11 ril clue 
were compared t o  t h o s e  obta ined  by t h e  convent iona l  method. i1wi  -Lt on , 
M i t c h e l l ,  Kick, and Carman (1927-1928) found i n  experiments wi th  
sheep good agreement between t h e  convent iona l  method of t o t a l  
c o l l e c t i o n  and t h e  chromic oxide  method when t h e  d u r a t i o n  01- 
t h e  c o l l e c t i o n  pe r iod  was 3 days o r  l onge r .  S a t i s f a c t o r y  r e -  
s u l t s  were a l s o  obta ined  w i t h  sheep ,  ca lves  and p i g s  by Barn ieoa t  
(1945) u s ing  t h e  chromic oxide  method. There were no s i g n i r i c a n t  
d i f f e r e n c e s  between t h e  convent iona l  and t h e  chromic oxide  nethod 
f o r  de te rmina t ion  o f  apparent  d i g e s t i b i l i t y  i n  d a i r y  c a t t l e  a s  
r e p o r t e d  by Kane, Jacobson,  and Moore (1949, 1950,  1952) ; Kane , 
E l y  , Jacobson,  and P.loore (1953) ; Kane, Jacobson,  E ly ,  and !iqoore 
(1953) ;  Kane, Jacobson,  and Damewood (1957, 1 9 5 9 ) ;  and Davis ,  
Byers ,  and Luber (1958) ,  i n  sheep as r e p o r t e d  by Axelsson and 
~ i v i m E e  (1951) and Elam, Reynolds , Davis ,  and Everson (1962) , 
and i n  bee f  h e i f e r s  a s  r epo r t ed  by Ut ley  -- e t  a l . (1970).  Sueeess :~ l  
u s e  of  t h i s  i n d i c a t o r  has  a l s o  been r epor t ed  i n  ho r ses  ( ~ l s s o n ,  
Kihlen,  and Gagel l ,  1 9 4 9 ) ,  r a t s  ( ~ c h & c h ,  Lloyd, and Crampton, 
1950) , and p o u l t r j  (Mueller  , 1956) .  
Reports on t h e  use  of  chromic oxide a s  an  i n d i c a t o r  i n  ab- 
s o r p t i o n  and metabol ic  ba lance  s t u d i e s  i n  hwnan a r e  numerous, 
Edin,  Kih len ,  and Nordfeldt  (1944) s t a t e d  t h a t  t hey  had suceessruLly 
app l i ed  t h e  chromic oxide method t o  humans. I n  a  s tudy  on t h e  :.b- 
s o r p t i o n  of  caro tene  i n  man, Kruela  (1947, 1950) r e p o r t e d  t ha t  i ~ n e  
q u a n t i t a t i v e  c o l l e c t i o n  of  f eces  and t h e  chromic oxide  i n d i c a t o r  
method gave t h e  same r e s u l t s  of caro tene  exc re t ions .  I rw in  an? 
Crampton (1951) found chromic oxide s a t i s f a c t o r y  f o r  t h e  detcrr i j r  - L i o n  
of  apparent  d i g e s t i b i l i t y  of food d ry  ma t t e r  i n  human. Stsri'Le\f :r:d 
Cheng (1956, 1957) r epo r t ed  t h e  s u c c e s s f u l  u se  o f  chromic oxide 
i n  t h e  s tudy  of c h o l e s t e r o l  abso rp t ion .  Metabolic ba lances  Car 
c a l c i u x ,  phosphorus, and magnesium us ing  t h e  chromic oxide  .netiie3 
have been r epor t ed  by Idhitby and Lang (1960) ,  Rose (1964)~  and 'cy 
Sharpe and Robinson (1970) .  It i s  of  i n t e r e s t  t o  no te  t h a t  \sheK 
Whitby and Lang (1960) ,  and Rose (1964) recovered only  93% of 
chromic oxide i n  t h e  f e c e s ,  t h e y  assumed t h a t  7% o f  t h e  f eces  wzs  
l o s t  and c o r r e c t i o n  of d a t a  f o r  t h i s  l o s s  was made. Davignon, 
Simmonds, and Ahrens (1968) used chromic oxide  t o  c a l c u l a t e  poo; 
s i z e  and tu rnove r  r a t e s  of  human i n t e s t i n a l  con ten t .  
I n  s t u d i e s  w i th  humans, chromic oxide  i s  u s u a l l y  administer'ed 
o r a l l y  i n  capsule  form; a capsule  conta ins  500 ing. For metabolic 
ba lance  s t u d i e s ,  capsules  o f  chromic oxide  a r e  g iven  3 t imes  d a i l ) ~ ,  
one wi th  each of  t h e  main meals beginning when t h e  s u b j e c t s  s t a r t  
t h e i r  ba l ance  regimen (Whitby and Lang, 1960; Rose, 1964 ; Sliarpe 
and Robinson, 1970 ) . A d a i l y  dose of  300 mg was, however, founci 
adequate  by Davignon e t  a l .  (1968) .  I n  s t u d i e s  w i th  ruminants .  
chromic oxide  can be  adnli n i s t e r e d  i n  capsu le s ,  impregnated i n 
s p e c i a l  paper ,  o r  a s  p e l l e t s .  The dose f o r  sheep i s  about I g J7er 
day and f o r  c a t t l e  about 10-15 g per  day when chromic oxi de i s  
used i n  any o f  t h e s e  forms adminis te red  one o r  more t imes  d a i l y  
( ~ a n e  -- e t  a l . ,  1953; Corbe t t ,  Greenhalgh, McDonald, and Florence  
1960 ; Langlands , Corbet t  , McDonald, and Reid,  1963; Har r i s  , Lof'y.i'c:iln, 
Kercher , Rale igh ,  and Bohman, 1967 ; MacRae and iirmstrong , 1969 ) . 
When mixed wi th  t h e  d i e t  of sheep and c a t t l e ,  chromic oxide i s  1d..';c~3 
a t  t h e  r a t e  of 0.5% of  t h e  e l i t i r e  r a t i o n  ( ~ u t c h e r  and Harris, 1-35c; 
Bradley,  Forbes ,  A l b e r t ,  M i t c h e l l ,  and Neumann, 1958; E l m ,  
Putnam, and Da.vis , 1959 ; E l m  -- e t  a l .  , 1962) .  For p i g s ,  it 
has  been added a t  t h e  l e v e l  of  1% of t h e  d i e t  ( ~ c h z r c h ,  Cra~~ ip to :~ ,  
H a s k i l l ,  and Lloyd, 1952; Moore, 1957) and t h e  same l e v e l  bas 
been used f o r  r a t s  ( ~ c h c r c h ,  e t  a l . ,  1950) .  A chromic oxide  
l e v e l  of 1-2% of t h e  d i e t  has  been used f o r  chickens ( ~ u e l l e r ,  
1956) .  
It i s  concluded from t h e  foregoing  d i scuss ion  t h a t  chromic 
oxide  a t  l e v e l s  used as a marker i s  nontoxic  and almost quailt i-  
t a t i v e l y  r ecove rab le  i n  t h e  f e c e s  of  man and animals and can ,  
t h e r e f o r e ,  b e  used a s  an i n e r t  i n d i c a t o r  i n  d i g e s t i b i l i t y  st?nd.ies. 
F e r r i c  ox ide  
F e r r i c  oxide ( F ~ ~ O ~ ,  N.W. 159.70)  has reddish-brown t o  
yellowish-orange co lo r  depending upon t h e  s i z e  and shape of the 
p a r t i c l e s  and t h e  amount o f  combined water  (lv~erck' Index,  1 9 6 8 ) -  
It w a s  suggested by Bergeim (1924) f o r  t h e  s tudy  of i n t e s t i n a l .  
r educ t ions  and l a t e r  (1926) a s  a marker f o r  n u t r i e n t  u t i l i z a - i i o ~ ?  
s t u d i e s .  He poin ted  out  t h a t  f e r r i c  oxide i s  p r a c t i c a l l y  i n s o i  j l c ,  
unabsorbable and of  s u i t a b l e  phys i ca l  cons is tency  t o  foil-ow t h e  "2od 
i n  t h e  course  of i t s  d i g e s t i o n  through t h e  i n t e s t i n e  and be exerei  r d  
w i t h  p r a c t i c a l  completeness i n  t h e  f e c e s .  Bergeim (1924) a l s o  ye- 
por t ed  t h a t  no de t r imen ta l  s i d e  e f f e c t s  were noted i n  h i s  expcr;r-mnt; 
he suggested it would b e  d e s i r a b l e  t o  g ive  wi th  t h e  f e r r i c  0x5 (L> 
equa l  w e i ~ h t  of  powdered agar-agar t o  coun te rac t  any constipa:,ir (- 
tendency of t h e  i ron . '  He recommended i r o n  admin i s t r a t i on  riot bf\ 
continuous over 1-onger pe r iods  of t ime t h a n  necessary .  
F e r r i c  oxide was a l s o  t r i e d  by Hoelzel  (1930) on h i m s e l f ,  
He concluded t h a t  t h e  f e r r i c  ox ide  slowed down t h e  passage of' 
i n t e s t i n a l  con ten t s  and had an  e f f e c t  o u t  of a l l  p ropor t ion  t o  
t h e  s m a l l  m o u n t  t aken .  F e r r i c  oxide has  most ly been used as a n  
i n d i c a t o r  f o r  t h e  de te rmina t ion  of  apparent  d i g e s t i b i l i t y .  
Although some workers r epo r t ed  t h a t  f a i r l y  a c c u r a t e  r e s u l t s  
were ob ta ined  when f e r r i c  ox ide  w a s  used a s  a marker ( ~ e l l e r ,  
Breedlove,  and L ike ly ,  1928 ; Gallup,  1928, 1929) , many o t h e r s  
r e p o r t e d  t h e  oppos i t e  e f f e c t  ( ~ a l l u ~  and Kuhlman, 1931; Moore 
and Winter ,  1934 ; Knott , Hodgson , and E l l i n g t o n ,  1936 ; Hale ,  
Duncan, and Huffman, 1939) .  Hale -- e t  a l . (1939) s t a t e d  t h a t  
v a r i a t i o n s  i n  t h e  amount of  f e r r i c  oxide pas s ing  through t h e  
d i g e s t i v e  t r a c t  make it an u n r e l i a b l e  i n d i c a t o r .  One group 
( ~ e l l e r  e t  a l . ,  1928) a l s o  r e p o r t e d  t h a t  u s e  of  t h e  normal i r o n  
content  o f  d i e t s  was more s a t i s f a c t o r y  t h a n  f e r r i c  ox ide  addi-  
t i o n s .  These c o n t r a d i c t i o n s  caut ioned a g a i n s t  f u r t h e r  u s e  of  
t h i s  compound a s  an i n e r t  i n d i c a t o r  o f  d i g e s t i b i l i t y .  
Titanium "oxide 
Titanium oxide ( T ~ o ~ ,  W.S. 79 .go)  possesses  perhaps t h e  
\ 
g r e a t e s t  h id ing  power of a l l  i no rgan ic  whi te  pigments.  It i s  
i n s o l u b l e  i n  w a t e r ,  H C 1 ,  HNO o r  d i l u t e d  H SO ( ~ e r c K ~ n d e x ,  
3  2 4 
1968) .  Schroeder ,  Balassa  and Tipton (1963) found t i t a n i u m  i n  
hunan organs e s p e c i a l l y  i n  lung where va lues  tended t o  i n c r e a s e  
w i t h  age. Some foods were a l s o  found t o  con ta in  t i t a n i u m  ( e . ~ .  
b u t t e r ,  2 .5  ppm; pork ,  1 . 8  p p m ) .  Milk,  cheese ,  eggs,  b e e f ,  I.onb 
and some c e r e a l s  had l i t t l e  o r  none of  t h i s  element.  Titan'i-1x1 
oxide  was proposed by Askew (1931) a s  a s u i t a b l e  r e f e r e n c e  s11.b.- 
s t a n c e  f o r  d i g e s t i b i l i t y  s t u d i e s .  This  w a s  based on s t u d i e s  
w i t h  sheep i n g e s t i n g  2-3 g d a i l y  of  Ti02. Af t e r  t h r e e  months, 
no ill e f f e c t s  were no t i ced  and a n a l y s i s  showed complete el imln-  
a t i o n  i n  t h e  e x c r e t a  and no s t o r a g e  i n  l i v e r .  T i0  was r e i n t r o -  2 
duced by Fournier  (1950) a s  a  more s u i t a b l e  marker t han  f e r r i c  
ox ide  f o r  t h e  s tudy  o f  q u a n t i t a t i v e  i n t e s t i n a l  abso rp t ion ,  'The 
chemical procedure f o r  a n a l y s i s  f o r  t h i s  compound ( c h a r l o t  and 
Bezier  , 1945) was descr ibed  by Fournier  (1950) a s  accu ra t e  and 
s e n s i t i v e .  He i n d i c a t e d  t h a t  T i0  was i n s o l u b l e  bo th  i n  s t r o n g  2 
a c i d s  and b a s e s ,  and could b e  recovered  completely i n  t h e  f e c e s  
o f  r a t s .  Feeding t h i s  oxide t o  r a t s  i n  amounts equ iva l en t  t o  1% 
of  t h e  body weight  d i d  not  a f f e c t  t h e  a p p e t i t e  and it was not 
d e t e c t e d  i n  t h e  b lood ,  l i v e r ,  kidney o r  u r i n e .  The r a t e  of 
passage through t h e  d i g e s t i v e  t r a c t  w a s  compared t o  t h a t  o f  
CaCO and found t o  proceed a t  s i m i l a r  r a t e s .  Af te r  s i x  hours of 3 
f a s t i n g ,  on ly  a  t r a c e  was found i n  t h e  stomach of  t h e  r a t  and 
a f t e r  24 hours  n e i t h e r  t h e  stomach nor t h e  i n t e s t i n e s  contained 
a t r a c e  o f  TZ02 and only  minute amounts of Ca. L a t e r ,  Foui--,.er 
and Dupuis (1953) found t h e  r a t e  of  t r a n s p o r t  of Ti0  was com- 2 
p a r a b l e  t o  th.at of phosphorus. This  marker was, t h e r e f o r e ,  ?re-  
quent ly  employed i n  s t u d i e s  of calcium and phosphorus absorptiori 
by Fournier  and coworkers ( ~ o u r n i e r  , 1950a, 1950b, 1951a,  195Ek : 
19 51c ; Randoin, S u s b i e l l e  , and Fournier  , 1951 ; Fourni e r  and k p c  i s  , 
1953) .  Njaa (1961) found TiOp a  u s e f u l  marker i n  s t u d i e s  of' yro-  
t e i n  d i g e s t i o n  i n  r a t s  s i n c e  it can b e  r e a d i l y  determined jn 
Kjeldahl  d i g e s t s  of food and f e c e s .  This author  r epor t ed  n 
mean recovery of about 98% f o r  78 s t u d i e s .  Fur the r  exper i -  
mental eva lua t ion  of  t h i s  compound through wider use as a 
marker i n  food u t i l i z a t i o n  s t u d i e s  i s  needed be fo re  passing 
f i n a l ,  judgement on i t s  use fu lness .  
Miner a1  S a l t s  
Two major compounds i n  t h i s  group have been t e s t e d  and 
used a s  i n e r t  markers.  They a r e  barium s u l f a t e  and cuprous 
th iocyanate .  
Barium s v l f a t  e  ( B ~ s o , + ~  
Barium s u l f a t e  i s  a whi te ,  f i n e ,  heavy (M.w. 233.43) 
odor less  powder which i s  in so lub le  i n  wa te r ,  d i l u t e  a c i d s ,  
and a lcohol .  B a r i u m  s u l f a t e  has long been used as a radio-  
payue medium f o r  G . I.  t r a c t  s t u d i e s  (blerkk ~ n d e x  , 1968 ) . 
Barium s u l f a t e  can be  chemically determined by gravimetr i  e 
methods ( ~ i c k ,  1967; Pigueroa,  Gordan, and B a s s e t t ,  1968) 
or  by emission flame photometry ( ~ i c k ,  ~ 9 6 9 ~ ) .  The a v a i l -  
a b i l i t y  of r ad ioac t ive  13'ga allows t h e  use of r ad ioac t ive  
techniques when des i r ed  ( ~ e i f e ,  1962; Najean and Ardai l lou ,  
1963 ; Boender , Mulder , Ploem , deVael , and Verloop , 1967 ; 
Boender and Verloop, 1969) .  
As t o  t h e  t o x i c  e f f e c t s  of barium s u l f a t e ,  Figueroa - ei 
n l .  (1968) r epor t ed  t h a t  they have not  noted any undesirab1l.e 
-
e f f e c t s  i n  t h e i r  p a t i e n t s  r ece iv ing  a d a i l y  dose of 0 . 5  g o r  
t h i s  marker and c i t e d  support  where 5 g of barium s u l f a t e  ITLS 
administered d a i l y  t o  each of 40+ p a t i e n t s  f o r  a  period up t o  
one yea r  wi thout  adverse  e f f e c t s .  
M v a r e z  and Freedlander  (1924) poin ted  out  t h a t  g iv ing  
a l a r g e  a m o u ~ t  of i n d i g e s t i b l e  m a t e r i a l  l i k e  barium s a l t s  
w i t h  a  sma l l  meal of  g r u e l  o r  mi lk  must b r i n g  about unusual 
and abnormal c o n d i t i o n s .  When 60 g  of barium s u l f a t e  i n  milk 
was g iven  t o  each of  a number o f  h e a l t l ~ y  s t u d e n t s ,  q u a n t i t a -  
t i v e  a n a l y s i s  of  t h e  s t o o l s  f o r  barium revea led  t h a t ,  a l though 
most of  it i s  extruded i n  t h e  f i r s t  24 o r  48 hour s ,  a  consi-- 
de rab le  amount remains and i s  exc re t ed  s lowly dur ing  t h e  n e r t  
few days.  They regarded 60 g of barium s u i f a t e  a s  a  l a r g e  
amount and a t t r i b u t e d  t h e  f a s t e r  passage of g l a s s  beads taken  
w i t h  barium s u l f a t e  t o  t h e  l a t t e r ' s  bu lk .  Hoelzel  (1930) 
found t h a t  25 g  o r  more of  b a r i m  s u l f a t e  helped s-creep o u t  
o t h e r  t e s t  m a t e r i a l s  b u t  slowed down t h e  passage of l i g h t  t e s t  
m a t e r i a l s .  Alvarez (1948) concluded t h a t  t h e  g iv ing  of l a r g e  
amounts ( e . g . ,  60 g )  of barium s u l f a t e  a c t s  l i k e  a  l a r g e  dose 
of agar  o r  minera l  o i l ;  it h u r r i e s  food r e s i d u e s  through t h e  
bowl and t empora r i l y  cures  c o n s t i p a t i o n .  Also,  enough barS1~1li 
appears t o  be absorbed t o  s t i m u l a t e  c o n t r a c t i o n  of  t h e  in t e s l inh !  
muscle . 
Whitson ,, Carriclr ,  Roberts , and Iiauge (1943) were f  i ~ s t  
t o  r e p o r t  t h e  use  of barium s u l f a t e  a s  an i n e r t  i n d i c a t o r  i n  
t h e  s tudy  wi th  ch i cks .  They r e p o r t e d  t h a t  barium s u l f a t e  usxed 
wi th  t h e  d i e t  a.t t h e  l e v e l  of 0.5% was an appropr i a t e  i n e r t  indi- 
c a t o r  because it d i d  not  i n f luence  t h e  p a l a t a b i l i t y  of t h e  f c c d ,  
had no apparent  e f f e c t  upon t h e  ch ickens ,  and was r e a d i l y  dc7,er- 
mined chemical ly . These au tho r s  , however, d i d  not  r e p o r t  axy 
recovery d a t a  t o  show t h e  non-absorbabi l i ty  of  t h e  marker.  
Barium s u l f a t e  was a l s o  used by Bokori (1968) t o  s tudy  t r a n s i t  
t ime of  d i f f e r e n t  feeds  i n  t h e  d i g e s t i v e  t r a c t  of ch ickens .  
Barium s u l f a t e  was t e s t e d  a s  an i n e r t  i n d i c a t o r  i n  s t u d i e s  
w i t h  humans by R a s s e t t  , T u t t l e ,  F igueroa ,  and Jordan (1962) ; 
Dick (1967) ; and more r e c e n t l y  by Figueroa -- e t  a l . (1968) .  Dick 
(1967) adminis te red  0 .5  g of  barium s u l f a t e  i n  g e l a t i n e  capsules  
t h r e e  t imes  d a i l y ,  a dose which was w e l l  t o l e r a t e d  by t h e  p a t i e n t s ,  
and recovered  an average of 97% of  it i n  t h e  s t o o l s .  Figueroa 
e t  a l .  (1968) descr ibed  Dick ' s  method f o r  t h e  de te rmina t ion  of' 
--
barium as  more t ime consuming compared w i t h  t h e i r  method which 
r e q u i r e d  only  t h e  exac t  weighing of  t h e  BaSOL. These workers alsc 
used only  0 .5  g of barium s u l f a t e  d iv ided  i n t o  t h r e e  equal  c a ~ s ~ ~ l  cs , 
one of which was taken  wi th  each meal.  The recovery of b a r i m  sulf- 
a t e  i n  t h e  s t o o l s  ranged from 97.7 t o  103.0% wi th  a means of  l ~ i ;  .I!:;. 
Radioact ive s t u d i e s  u s ing  1 3 1 ~ a s 0  showed no s i g n i  r i c i n b  c~ - 4 
change of t h e  m a t e r i a l  ac ros s  t h e  bowel of mice ( ~ e i f e ,  1962) :x.? 
l e s s  t han  1% of o r a l l y  adminis te red  1 3 1 B a ~ ~  w a s  found i n  t h c  boy-s 4 
13; 
of mice ( ~ a j e a n  and k r d a i l l o u ,  1963) .  S tud ie s  w i t h  man u s i n s  E 2 3 Q j ,  
showed an average of 100.5% of t h e  administered dose was recovered ir: 
t h e  s t o o l s  (Boender -- e t  a l . ,  1967) .  Fu r the r  d e t a i l s  on t h e  use c.C 
1 3 b a  i s  given l a t e r .  
Barium s u l f a t e  has Seen succcssEul ly  used a s  an i n e r t  i n ? i c  iio:. 
i n  n u t r i e n t  u t i l i  z a t i  on s t u d i e s  a f t e r  it was e s t a b l i s h e d  t h a t  Ckr; : 
compound was nontoxic ,  nonabsorbable Prom t h e  d i g e s t i v e  t rac- i  , r l lc l  
completely r ecove rab le  i n  t h e  f e c e s  of  man and animals .  Whitson 
e t  al. (1943) found it p o s s i b l e  t o  s tudy  f a t  u t i l i z a t i o n  i n  
--
chickens by adding barium s u l f a t e  t o  t h e  d i e t  a t  t h e  l e v e l  o f  
0 .5%. These worlcers d i d  n o t ,  however, compare t h i s  procedu2.e 
t o  t h e  convent ional  method. 
Barium s u l f a t e  has  been used a s  an i n d i c a t o r  i n  s t u d i e s  of 
calcium u t i l i z a t i o n  i n  man ( ~ a s s e t t  e t  a l .  , 1962;  F igueroa ,  5 
al. , 1968).  These workers suggested t h a t  i n  o rde r  t o  g e t  an 
-
a c c u r a t e  assessment of calcium ba lance  one should  c o r r e c t  f o r  
v a r i a b i l i t y  of  f e c a l  flow t o  g ive  a  100% recovery o f  t h e  marker.  
The impact of  t h i s  c o r r e c t i o n  i s  shown i n  Table 3. 
Cuprous th iocyana te  
Cuprous th iocyana te  (CuSCN, M.W. 121.62)  i s  a  wh i t e  o r  
yel lowish-white  powder, i n s o l u b l e  i n  water  o r  a l c o h o l ,  solu-33 e 
i n  ammonia, and i s  decomposed by concentrated. mine ra l  a c i d s  
( ~ e r c K  Index ,  1968) . 
Dick (1963 1,) in t roduced  cuprous th iocyana te  a s  an i n e r t  
f e c a l  marker.  He po in t ed  ou t  t h a t  t h e  de te rmina t ion  i n  t h e  
f e c e s  o f  chromic oxide o r  barium s u l f a t e  r e q u i r e s  t ime c o n s ~ ~ n i n s  
procedures .  Cuprous th iocyana te  i s  a  compound wi th  s o l u b i l i t y  
c h a r a c t e r i s t i c s  i n  water  s i m i l a r  t o  t h o s e  of barium s u l f a t e .  
Cuprous t h i o c y a n a t e ,  however, i s  r e a d i l y  decomposed by 50% n i t r i -  
a c i d  a t  t h e  b o i l i n g  p o i n t .  Thus, t o  e s t ima te  cuprous t h i o e v ~ n a i c  
i n  f e c e s ,  it i s  only  necessary  t o  add n i t r i c  a c i d ,  b o i l  and Ti1 t c." 
i n  o r d e r  t o  o b t a i n  a  s o l u t i o n  f o r  a n a l y s i s  of Cu. This may be 
es t imated  by convent iona l  chemical methods 01- more simply by 
atomic absorp t ion  spectroscopy.  The miminum recovery i n  any 
i n d i v i d u a l  was 97.0% and t h e  maximum 1.02.8g of t h e  adminisLcred 
dose. This  i n v e s t i g a t o r  suggested t h a t  cuprous th iocyana te  
s t a r t s  i t s  t r a n s i t  as  a compound i n s o l u b l e  i n  stomach a c i d ,  
b u t  i s  p a r t i a l l y  changed i n  t h e  lower gu t  t o  a  compound (cu20) 
i n s o l u b l e  under n e u t r a l  o r  a l k a l i n e  cond i t i ons .  The abso rp t ion  
of t h iocyana te  from t h e  compound i s  a disadvantage;  however, it 
i s  a  normal m e t a b o l i t e  and Dick r epor t ed  t h e  u s e  of  lag of CaSCT 
per  day f o r  per iods  up t o  38 days wi thout  s e r i o u s  t o x i c  r e a c t i o n s  
b u t  suggested t h e  use  of 500 mg/day f o r  a  l i m i t e d  t ime.  Lee, 
Temperley, and Dick (1969) used 250 mg/day of  cuprous th ioeyana te  
i n  d iv ided  doses f o r  e s t ima t ing  f e c a l  f a t  exc re t ion  i n  h ~ a a n s .  
These workers i n d i c a t e d  t h a t ,  us ing  t h e  cuprous th iocyana te  method, 
l a b o r a t o r y  e s t ima t ions  a r e  much s impler  and t h e  r e s u l t s  a r e  repr9-- 
duc ib l e .  tilore work wi th  t h i s  compound i s  needed, e s p e c i a l l y  i n  
l i g h t  of  t h e  r epo r t ed  th iocyana te  abso rp t ion  b e f o r e  it can 'be COT.- 
p l e t  e l y  eva lua ted  . 
The Vat er-Soluble ! . l a r k e r s ( ~ o l y e t h y l e n e  g l y c o l  and cr-EDTA) 
I n  a d d i t i o n  t o  t h e i r  u se  a s  d i g e s t i b i l i t y  i n d i c a t o r s ,  t h e  
water  s o l u b l e  markers have been most u s e f u l  i n  s tudy  of tsater  
ba lance  and volume i n  t h e  rumen. Mathematical t r ea tmen t s  of t1:c 
u se  of  t h e s e  markers f o r  t h e s e  purposes have been g jven  by FIyd;n 
(1961) ,  U lya t t  (1964) ,  Warner (1966) ,  Weston and Hogan ( ~ 9 6 7 ) ~  z r L 1
Warner and S tacy  (1968). 
A s e r i e s  of  products  known a s  t h e  polye thylene  g l y c o l  ( 1 ' 1 ~ )  
compounds a r e  manufactured t h r o u ~ h  t h e  r e a c t i o n  of e thylene  oxio? 
wi th  w a t e r ,  e thylene  glycol-,  o r  d i e thy lene  g l y c o l ,  t h e  1attc.r  
m a t e r i a l s  f u r n i s h i n g  f u n c t i o n a l  groups ( i n  t h i s  case  hydrosy l )  
f o r  t h e  propagat ion of t h e  r e a c t i o n .  The process  r e s u l t s  in a 
mixture  of d i o l s  of  d i f f e r e n t  cha in  l e n g t h s ,  i n  which t h e  nimbers 
of molecules of va r ious  s i z e s  a r e  presumed t o  be  r ep re sen ted  by 
Po i s son ' s  d i s t r i b u t i o n  (Shaff  e r  , C r i t c h f i e l d ,  and Nair , 195Ob ) ,  
Polyethylene g l y c o l s  200, 300, 400, and 600 a r e  f l u i d s ;  compouna- 
1000, 1500, 1540, 4000, 6000 and 10,000 a r e  s o l i d s  of i n e r e a s i n ?  
f i rmness .  The number g ives  t h e  approximate average moleculax 
weight .  
A g rav ime t r i c  procedure f o r  t h e  q u a n t i t a t i v e  de te rmins i ion  
of  PEG was devised  by S h a f f e r  and C r i t c h f i e l d  (1947) and was l a t e r  
modif ied by Sperber ,  Hydgn, and Eckman (1953) .  A f a s t e r  and m o r e  
a c c u r a t e  method i s  t h e  t u r b i d i m e t r i c  method in t roduced  by iiyd6n 
(1956a) which has been modif ied by s e v e r a l  workers ( ~ o r b e t t  , 
Greenhalgh , Gwynn , and Walker, 1958; Smith, 1959 ; Ulya t t  , 1961' ) , 
The abso rp t ion  and e x c r e t i o n  o f  d i f f e r e n t  pol-yethyl ene 5 1 ~ ~ ~ ~ 1 7 5  
have been r e p o r t e d  i n  t h e  animal and human body by Sha f fe r  and 
C r i t c h f i e l d  (1947) and by Sha f fe r  -- e t  a l . ( 1 9 5 0 ~ ~ ) .  It was shma 
t h a t  PEG compounds of molecular  weights  above 1000 were not a,bso~-??ed 
from t h e  g a s t r o i n t e s t i n a l  t r a c t  o f  t h e  r a t  and man. The tox ico ;o~  y 
of PEG has been s t u d i e d  by Smyth, Carpenter ,  and Tdei l  (1950) ~110 
suggested a  s a f e  dose f o r  r a t s  of 1 . 5  and 0.06 g/kg of body ~ r ~ i f - : t  
o f  PEG 1-500 and 4000, r e s p e c t i v e l y .  
Polyethylene g l y c o l  (PEG) has been f r e q u e n t l y  used a s  a 17aCei.- 
s o l u b l e  marker i n  s t u d i e s  of absorp t ion  i n  man and animals ( ~ ~ e r b c r  
e t  a l .  , 1953; Hyden , 1955, 1956 ,  1961; Corbet t  , M i l l e r ,  Clarke ,  
--
and Florence ,  1956 ; Corbet t  , Greenhalgh , W n n ,  and Walker , 1958 ; 
Corbe t t ,  Greenhalgh, and Florence ,  1959; Corbe t t ,  Greenhalgh, 
McDonald, and Florence ,  1960; Borgstrom, Dahlqvist  , Lundh , and 
S j o v a l l ,  1957; Lundll, 1958;  Smith, 1959; Gray, J o n e s ,  an-?, 
Pi lg r im ,  1960 ; Oyaert and Bouckaert , 1961 ; Weller , P i l g r i m ,  and 
Gray, 1962 ; Ulya t t  , 1964 ; Nicholson and Sut ton  , 1969 ; T4acRde and 
Amstrong,  1969 ; Sinha ,  Martz , Johnson, and Hahn, 1970 ) . 
I n  1953 Sperber  -- e t  al. r e p o r t e d  t h e  use  of  PEG as  a  r e f e r e n c e  
subs tance  i n  s t u d i e s  o f  ruminant d i g e s t i o n  and found t h a t  it was 
n e i t h e r  absorbed nor  des t royed  t o  any cons iderable  e x t e n t  i a  t k c  
d i g e s t i v e  t r a c t  and r epor t ed  more t h a n  90% recovery i n  t h e  feces 
It was l a t e r  r epo r t ed  by Corbet t  e t  a l .  (1956) t o  b e  suital2l e as <:, 
r e f e rence  f o r  t h e  e s t ima t ion  of f e c a l  ou tput  i n  t h e  cow. 
Borgstrom -- e t  a l . (1957) used it i n  t h e i r  s tudy  of i n t e s t i n a '  
d i g e s t i o n  and absorp t ion  i n  humans and found t h a t  a f t e r  g iv ing  
t e s t  meal conta in ing  PEG, r e p l i c a t e  samples t aken  from t h e  szne 
f r e s h l y  drawn i n t e s t i n a l  conten t  gave a cons tan t  r a t i o  of f';t t o  
PEG. They concluded t h a t  it was j u s t i f i a b l e  t o  use  t h e  water  sc'~S12 
PEG wi th  a molecular  weight of 3000 - 3700 a s  a  r e f e r e n c e  r?aLcri?i 
i n  s t u d i e s  of human d i g e s t i o n  and absorp t ion  of  water  s o l u b l e  s ~ a -  
s t ances  as w e l l  a s  f a t  when t h e  l a t t e r  ( f a t )  i s  p re sen t  i n  tile t b . ; i  
meal i n  a  f i n e l y  emul s i f i ed  form. Lundh (1958) used 1 . 2  - 1 - 5  i- of 
PEG wi th  a  molecular  weight  of around 3800 a s  an i n d i c a t o r  of  t l v  
t e s t  meal and as a  non-absorbable r e f e rence  subs tance .  
Although s e v e r a l  s t u d i e s  have shown t h a t  t h i s  mater ial . ,  \\h(.'i 
used i n  h igh  enough molecul.ar weight (about  4000) i s  nei the:r  
absorbed nor des t royed  t o  any cons ide rab le  e x t e n t ,  many repor t , s  
i n d i c a t e d  d i f f i c u l t y  t o  achieve  complete recovery i n  t h e  f e c e s ,  
Corbe t t  -- e t  a l . (1958) compared t h e  p a t t e r n s  of exc re t ion  of 
PEG and Cr20g i n  cows. It w a s  concluded t h a t  t h e  concentrat ior ls  
of C r  0  i n  t h e  dry  ma t t e r  of s e p a r a t e  de feca t ions  v a r i e d  by a  2  3 
maximum of approximately +- 10% from t h e  24 hour weighted meail 
concen t r a t ions .  Maximum v a r i a t i o n s  i n  PEG concen t r a t ions ,  on a  
similar b a s i s ,  were - + 40-60%. It was suggested from t h i s  s tudy  
and l a t e r  confirmed ( ~ o r b e t t  -- e t  a l . ,  1959)  t h a t ,  because of i t s  
a s s o c i a t i o n  w i t h  t h e  water  of t h e  d i g e s t a ,  PEG was c l e a r e d  Cr-on 
t h e  r e t i c u l o - r w e n  much more r a p i d l y  than  C r  0  , g iv ing  r i s e  t o  2 3 
wider v a r i a t i o n s  i n  t h e  concen t r a t ion  of PEG i n  t h e  Dl4 of f e r e s  
The passage of PEG and l i g n i n  from t h e  r w e n  of  sheep was campale5 
by Weller -- e t  a l .  (1962) a f t e r  i n j e c t i n g  1 0  g  of PEG (4000 mir) il-LC) 
t h e  rumen 4 hours  a f t e r  s t a r t  of f eed ing .  Within about  1 1/2 
hours  a f t e r  i n j e c t i o n  t h e  PEG would be  d i s t r i b u t e d  evenly t l n ~ o u ~ , ! ~  
t h e  water  of d i g e s t a  b u t  t h e  l i g n i n  p re sen t  i n  t h e  coa r se  pl-"mi; 
f i b e r  would only  g radua l ly  be  added t o  t h e  d i g e s t a  and would, 
t h e r e f o r e ,  pass  more s lowly t o  t h e  omasm. 
I n  a  r e c e n t  p u b l i c a t i o n  by Nicholson and Su t ton  (1969) PCG 
and Cr203 v e i e  used a s  i n d i c a t o r s  t o  s tudy  t h e  e f f e c t  of d i e t  COT- 
p o s i t i o n  and t h e  l e v e l  of  feeding  on d i g e s t i o n  i n  t h e  s tomacl~ n:13 
i n t e s t i n e s  o f  sheep f i t t e d  wi th  runen and r e -en t r an t  duoden:il c ,  11-111lzs. 
T t  was. po in ted  ou t  t h a t  a l though bo th  t h e  water  s o l u b l e  p01ye t l i :~ i cn~  
g l y c o l  (PEG, average molecular  weight 4000) and water  i n s o l u b l e  Cr 7 ,  0- 
gave s i m i l a r  e s t ima te s  of v a r i a t i o n s  i n  duodenal f low,  disadvn?--  
t a g e s  were found wi th  PEG. F i r s t ,  i t s  recovery i n  t h e  f e c e s  w?c, 
no t  complete s i n c e  only  94.8% was recovered compared t o  103.5% 
f o r  Cr20q. Second, a t  t h e  concent ra t ion  and t h e  r a t e  of  i n  'usioy, 
u sed ,  PEG formed an apprec i ab le  r r a c t i o n  of  t h e  d ry  m a t t e r  and 
o rgan ic  ma t t e r  of t h e  d i g e s t a  and f e c e s .  To overcome t h e s e  dis- 
advantages,  t h e  au thors  proposed t h e  use  of a r a d i o a c t i v e  C o r m  01' 
PEG t h a t  could b e  adminis te red  i n  much lower concen t r a t ions .  Such 
r a d i o a c t i v e  m a t e r i a l  i n  t h e  form of t r i t i u m - l a b e l e d  PEG has beer  
in t roduced  (~hanern and Westermark, 1962 ; T i l l  and Downes , 1965 ; 
Neudoerffer ,  McLaughlin, and Horney, 1970) .  Tr i t ium was no% l o s ~  
by exchange r e a c t i o n s  and only  smal l  amount of t h e  r ad ioac t i ' v i t y  
(2-3% of t h e  dose)  was recovered  i n  t h e  u r i n e  o f  sheep (Ell and 
Downes , 1965) .  Recent s t u d i e s  wi th  d a i r y  cows by Sinha - e t  --- il . 
(1970) showed t h a t  approximate f i l l  and weight of ruqen conLents 
can b e  determined us ing  PEG as  a r e f e rence  subs tance ,  b u t  tlie ~A.<,c 
of t h i s  m a t e r i a l  t o  determine d i g e s t i b i l i t y  i s  doub t fu l .  These 
observa t ions  may be  expla ined  on t h e  grounds t h a t  PEG assoc: akrc 
i t s e l f  v i t h  t h e  l i q u i d  phase and not  t h e  s o l i d  phase of d igeq ta  
( ~ y d e / n ,  1956; Corbet t  -- e t  a l .  , 1958, 1959 ; and Sinha -- e t  a l . , 197C 1 ,  
The e x t e n t  of PEG recovery seems t o  be  r e l a t e d  t o  t h e  d i e t .  Clap< 
and Hembry (1967) ob ta ined  much lower r ecove r i e s  vhen sheep a n d  
s t e e r s  were f e d  co t tonseed  h u l l s  compared t o  a l f a l f a  hay as  ciicC i Y :  
sources  of  f i b e r .  
The l a c k  o f  a s p e c i f i c ,  s e n s i t i v e  and a c c u r a t e  method f o r  t ~ c  
a n a l y s i s  of  PEG has been seen  a s  a s e r i o u s  l i m i t a t i o n  i n  t l ic vsc 
o f  t h i s  m a t e r i a l  a s  a r e f e r e n c e  subs tance .  This  may p a r t l y  expl arn 
t h e  occas ional  f a i l u r e  by some workers t o  achieve complete 
recovery o r  reproduce r e s u l t s .  The use  of r a d i o a c t i v e  PEG 
has been proposed t o  overcome t h i s  d i f f i c u l t y .  The complex of 
51~r wi th  ethylenediamine t e t r a a c e t i c  ac id  (51~r EDTA) has been 
s tud ied  and suggested by Downes and McDonald (1964) a s  a  s a t i s -  
f a c t o r y  s u b s t i t u t e  f o r  PEG. After  dosing sheep with a  mixtlire 
of 51~r EDTA and PEG through a rumen f i s t u l a  about 95% of the 
dose of 51~r (cor rec ted  f o r  t h e  moun t  taken i n  rumen l i q u o ~  
samples) appeared i n  t h e  f eces  and 2.5% ( a l s o  c o r r e c t e d )  i n  t h e  
u r i n e  dur ing  t h e  f i v e  days a f t e r  dosing;  t h e  recovery of PEG i n  
t h e  f eces  was s l i g h l y  lower than  t h a t  of t h e  51~r b u t  no s i g r i -  
f i c a n t  quan t i ty  of PEG could be  de tec ted  i n  t h e  u r i n e .  
Values as  high as 4.7% of t h e  51~r EDTA dose were observed i n  
t h e  w i n e  of some animals.  The disappearance of  t h e  two markers 
from t h e  rumen and t h e i r  use t o  es t imate  t h e  volume of r m e n  
l i q u o r  were s t u d i e d ;  r e s u l t s  agreed w i t h i n  experimental e r r o r ,  
These authors  concluded t h a t  51~r EDTA i s  a  s a t i s f a c t o r y  so lxb lc  
marker i n  s p i t e  of t h e  s l i g h t  absorpt ion  and subsequent excretic71 
i n  t h e  u r ine  and t h a t  t h e  es t imat ion  of  *'~r i s  s imple ,  a c c u r i l c ;  
and s p e c i f i c .  The use  of EDTA a s  a  che la t ing  agent has been r e -  
viewed by Broad (1971).  
Hogan (i964) used 51~r EDTA t o  determine r a t e  of flow of  
d i g e s t a  from t h e  re t icu lum and from t h e  abomasum i n  sheep. ~ J F S "  
than  5% of t h e  dose administered was excre ted  i n  t h e  u r i n e .  Thc  
marker was d i s t r i b u t e d  through almost a11 t h e  water of t h e  di t fcL>?n 
leaving  t h e  re t icu lum and was not adsorbed onto t h e  par t icu l i"cc  
m a t e r i a l  of d i g e s t a .  Water ba lance  i n  t h e  r m e n  has a l s o  beel? 
s t u d i e d  by means o f  t h e  51~r EDTA complex (Weston and iiogan, 
1967 ; Warner and S t a c y ,  1368a ,b ) . L a t e r ,  \*Tarner (1969 ) fou.nd, 
under condi t ions  a s  y e t  undef ined ,  t h a t  some o f  t h e  51~r EDTA 
complex became bound t o  p a r t i c u l a t e  ma t t e r  i n  t h e  r m e n  of 
sheep.  Rumen volume c a l c u l a t e d  from t h e  ex t r apo la t ed  zero 
t ime concen t r a t ion  o f  marker (Warner and S tacy ,  1968) would be  
r e l a t i v e l y  una f fec t ed  by t h e  b inding .  On t h e  o t h e r  hand,  n e t  
in f low and out f low r a t e s ,  c a l c u l a t e d  from t h e  s l o p e  of t h e  marlcer 
concen t r a t ion  vs  t ime curve ,  would b e  overes t imated ,  someti.;ies 
g r o s s l y ,  when b ind ing  occurred .  D i f f i c u l t y  i n  demonstrat ing this 
phenomenon w i t h  i n  v i t r o  techniques  suggested t h a t  t h e  bindl:.ng 07 
51~r EDTA r e q u i r e s  t h e  presence  of some s p e c i a l  mic rob ia l  actix1Lt.i 
and t h a t  i n  v i t r o  techniques  f a i l  t o  main ta in  a t r u l y  normal rurlen 
mic rob ia l  popula t ion .  
Work by Stacy  and Thornburn (1966) w i t h  sheep suggested th:t 
51~r EDTA may be  u s e f u l  i n  s t u d i e s  o f  r e n a l  func t ion .  IJnlike C2 
EDTA, continuous i n j e c t i o n  of  l a r g e  q u a n t i t i e s  of s t a b l e  C r  ECTA 
t o  r a t s  f o r  25 days d i d  not  a f f e c t  t h e  kidney func t ion .  
Under condi t ions  where t h e  use  of  t h e  r a d i o a c t i v e  indica-to?. 
i s  u n d e s i r a b l e ,  t h e  s t a b l e  C r  EDTA complex can b e  used.  Binnerts, 
Kioos t e r ,  and Frens (1968) s t u d i e d  t h e  s t a b l e  i n d i c a t o r  f o r  diges-  
t i o n  experiments w i th  ruminants and descr ibed  a  method f o r  deter-- 
minat ion  by atomic abso rp t ion .  It was i n d i c a t e d  t h a t  a  smal l  pc>r- 
centage  of t h e  dose (always lower than  5% and most ly  around 3% i'or 
sheep o r  lower f o r  c a t t l e )  i s  absorbed and excre ted  i n  t h e  urine.. 
This  i s  i n  agreement wi th  r e s u l t s  ob ta ined  by Downes and McDonald 
(1964) f o r  t h e  ra f i ioac t ive  i n d i c a t o r .  The a b i l i t y  t o  account f o l -  
t h i s  smal l  u r inayy  e x c r e t i o n  makes it p o s s i b l e  t o  apply s imple 
c o r r e c t i o n s  i n  d i g e s t i o n  experiments .  
~ 2 5 ~ - d i . a t r i z o a t e  sodium i s  another  r a d i o a c t i v e  s o l u b l e  n~a~lcli!. 
which has  been t e s t e d  by Tan, Weston, Warner, and Hogan (1966-69). 
Radioac t ive  Markers 
The use  of g l a s s  beads ,  smal l  s e e d s ,  dyes and i n e r t  i nd i ca t r ) r s  
such a s  chromic ox ide ,  po lye thylene  g l y c o l ,  o r  barium s u l f a t e  w s -  
shown t o  have s e v e r a l  disadvantages a s  p rev ious ly  d i scussed ,  The 
main disadvantages inc lude  v a r i a t i o n s  i n  t h e  r a t e  o f  passage an& 
recovery and t h e  d i f f i c u l t y  i n  q u a n t i t a t i v e  a n a l y s i s .  
The u s e  of r a d i o a c t i v e  i n d i c a t o r s  could o f f e r  s e v e r a l  impor- 
t a n t  b e n e f i t s .  Among t h e s e  a r e :  
1. The r a d i o i s o t o p e  measuring methods a r e  r e l a t i v e l y  e?sy  L O  
c a r r y  out  w i th  p r e c i s i o n .  
2. T ie  amounts of  t h e  r a d i o a c t i v e  i n d i c a t o r  t o  b e  used i s  
very  smal l  and has  no e f f e c t  on t h e  bulk  o f  t h e  fooC and 
no undes i r ab le  s i d e  e f f e c t s .  
3. It i s  p o s s i b l e  t o  o b t a i n  a d e t a i l e d  p i c t u r e  of t h e  pas iz ;c  
of m a t e r i a l  through t h e  g a s t r o i n t e s t i n a l  t r a c t ,  
51~r and 13'13a a r e  d i scussed  i n  t h i s  s e c t i o n .  Oiher r i d i o : . ~  . . l ~ ~ e  
markers a r e  d i scussed  elsewhere i n  t h i s  review,  e  .g.  , 51~r i:D'IA - s 
d i scussed  wi th  polye thylene  g l y c o l  and lo6Ru, "Y, 140La , 9 i  Zr, Icd_ > r 3  
4 7 ~ c ,  14hCe and 198A11 a r e  d iscussed  wi th  t h e  inerL meta ls  group.  
The u s e  of  t h i s  r a d i o i s o t o p e  ( h a l f  l i f e  27.8 days)  a s  2 
b i o l o g i c a l  t r a c e r  has  been r e p o r t e d  by Gray and S t e r l i n g  (1950) 
who showed t h a t  t h e  i s o t o p e  could b e  used a s  a t a g  f o r  p l a s~na  
p r o t e i n s  o r  e ry th rocy te s  depending upon t h e  va lence  s t a t e .  The 
use  of 51~r t o  s tudy  t h e  d i s t r i b u t i o n  of chromium i n  animal 
t i s s u e s  was s t i m u l a t e d  by r e p o r t s  on chromium contaminat ion of  
d r ink ing  water  a s  a r e s u l t  o f  i n d u s t r i a l  u s e  of  chromiuq and 
d i s p o s a l  of  i t s  was tes .  The d i s t r i b u t i o n  of 51~r i n  t h e  t i s s u e s  
of  r a t s  f o r  i n t e r v a l s  up t o  24 hours  fo l lowing  t h e  in t ravenous  
i n j e c t i o n  of t h e  t r a c e r  i n  i s o t o n i c  a c e t a t e  b u f f e r  has  been re- 
I por t ed  by K r k t z ,  and Talmage (1952).  The abso rp t ion  of  51~r 
from t h e  g a s t r o i n t e s t i n a l  t r a c t  has  been s t u d i e d  ( ~ i s e k ,  Whitne;y, 
Kdin, and Comar, 1953; MacKenzie, Anwar, Byerrum, and Hoppert,  
1959; Donaldson and Bar re ra s  , 1966; N u t r i t i o n  Rev. , 1967) .  V i z c " ~  
e t  a l .  (1953) f e d  t r i v a l e n t  chromium 51, 5 1 ~ r ~ 1  t o  r a t s  and To~:,il 
-- 3 
t h a t  most was exc re t ed  i n  t h e  f e c e s  w i t h i n  4 days and only  about 
0.5% was absorbed. MacKenzie -- e t  a l . (1959) found t h a t  o r a l l y  ac- 
min i s t e r ed  51~r i n  t h e  hexavalen t  form, was absorbed T:> 
t h e  e x t e n t  of about 6% i n  f a s t e d  r a t s  and about 3% i n  nonfasted 
r a t s  as judged by t h e  e x c r e t i o n  of  chromium i n  t h e  u r i n e .  I n  bctn 
f a s t e d  and nonfas ted  animals hexavalent  chromim was absorbed t: 7 
much g r e a t e r  e x t e n t  t h a n  t r i v a l e n t  chromium ( 5 1 ~ r ~ 1 3 ) .  hitc- 
feeding  rad- ioac t ive  chromate, t h e  l i v e r  shotred a  maximal unL?ke 
af-ter one day o r  about 1% of t h e  adminis te red  dose ,  whereas  kid^^:^ 
and blood conta ined  0 . 1  - 0.2%.  These q u a n t i t i e s  deczeased over* *, 
two week pe r iod .  Chromium absorbed by t h e  sp l een  appeared l o  bc 
bound more t i g h t l y  t han  i n  o t h e r  t i s s u e s  s t u d i e d .  These resml-ts 
were confirmed l a t e r  by Donaldson and Bar re ra s  (1966) i n  studie: 
with  humans and r a t s .  
cr51 has  been used a s  a fec i i l  marker e i t h e r  a s  51~r-ld2cl?c? 
hemoglobin (pearson ,  1966) o r  a s  51~r203 ( ~ a n e ,  Jacobson,  an2 
Damewood, 1957, 1959; Brandt and Thacker,  1958; Sassoon,  1966; 
Davignon, Simmonds , and Ahrens , 1968; Ut ley  -- e t  a 1  ., 1970) .  
C r  0 has been widely used as  an i n e r t  marker b u t  t h e  d i f f l -  2 3 
c u l t y  i n  chemical a n a l y s i s  has  been t o  d i s s o l v e  t h e  Cr203 con- 
p l e t e l y .  Brandt and Thacker (1958) used r a d i o a c t i v e  51~r  0 in 2 3 
t h e i r  s t u d i e s  of food passage through t h e  d i g e s t i v e  t r a c t  oC 
r a b b i t s .  Kane -- e t  al. (1959) used t h e  r a d i o a c t i v e  marker and 
found it a s  p r e c i s e  a s  t h e  s t a b l e  compound f o r  de te rmina t iov  of 
d i g e s t i b i l i t y  i n  c a t t l e .  Sassoon (1966) succeeded i n  p a r t l v  
s t anda rd iz ing  C r  0  powder f o r  p u r i t y  and c r y s t a l  s i z e  by cyeloq- 2 3 
e l u t r i a t i o n .  The tendency of aggrega t ion  of C r  0  was reduced t j r  2 3 
t r i t u r a t i o n  w i t h  l a c t o s e ,  t h i s  provided evenly l a b e l e d  51~r. 
Sassoon found t h a t  twice-da i ly  doses i n  t h e  mi l l ig ram rangc appe-i ed 
t o  become a s  evenly d i spe r sed  i n  t h e  f e c e s  of p igs  and sheep zs tlie 
phys io log ica l  d i u r n a l  f l u c t u a t i o n s  would permi t .  The mean rccc)-rel v 
of 8 s i n g l e  doses of 100 mg of p u r i f i e d  51~r 0  - l a c t o s e  Tro51 l ' c > - ~ r  2 3 
25 l ~ g  p i g s  i n  two 1-0-day pe r iods  was 100.1%. This i s  i n  agrcexe it 
w i t h  an e a r l i e r  s ta tement  by Bar r i son ,  F r a s e r ,  and P4ul-lan (1961) 
t h a t  a l l  t h e  i nges t ed  51~r by r a t s  was f u l l y  recovered i n  t he  pi- 
c r e t a  a f t e r  admin i s t r a t i on  a s  51~r 0  i n  a  g e l a t i n e  capsulc  intc, 2  3 
t h e  stomach through a stomach tube .  The recovery r epor t ed  ~y 
Sassoon (1966) i s ,  however, b e t t e r  t han  t h a t  rcpor  Led by Pear-son 
(1966) f o r  51 -~ r - l abe l ea  hemoglobin where only 9h .gd was recovcri.d 
i n  t h e  f eces  of  humans. Davignon -- e t  a l . (1968) used r a d i o a c t i v e  
chromic oxide i n  s t u d i e s  wi th  humans and r epor t ed  a  mean r e - ~ v e r y  
of 97.8%. From s t u d i e s  of  f i r s t  o rde r  k i n e t i c s  of 51~r 0 cxcre- 2 3 
t i o n ,  t h e s e  workers suggested t h a t  t h e  marker was evenly d i s t r i  -- 
bu ted  i n  a  homogeneous poo l ,  and t h a t  pool  s i z e  d i d  not  change 
dur ing  t h i s  per iod  of  obse rva t ion .  S tud ie s  w i th  ruminants showca 
no d e t e c t a b l e  r a d i o a c t i v i t y  i n  t h e  blood o r  u r i n e  of  h e i f e r s  aP tc r  
o r a l  admin i s t r a t i on  of 146  yc of  ' l ~ r  0 ( u t l e y  e t  a 1  1970) .  2 3 - 3 
Barium-131 [13',a) 
A s  p r ev ious ly  poin ted  o u t ,  barium i n  t h e  form of  b a r i m  sui- 
f a t e  has  been used a s  an i n e r t  i n d i c a t o r .  Confirmation of  Ls 
non-absorbabi l i ty  came from s t u d i e s  i r i t h  r a d i o a c t i v e  13'J3a. Tnis 
i s o t o p e  decays t o  131cs by means o f  e l e c t r o n  cap tu re  w i t h  i i ~ o c i ~ k ~ r i  
y-emission and has a  h a l f - l i f e  of  approximately 1.2 days.  Da?iglitt ys 
element 131cs decays t o  t h e  n o n r ~ d i o a c t i v e  131xe by means of  e lc?--  
t r o n  capture  and has a  h a l f - l i f e  of approximately 10  days ( ~ e i f c ,  
1962) . Tes t s  i n  mice each f e d  1 5  t o  25 Uc of  1 3 1 ~ a ~ 0 h  and s s c ~ i  - 
f i c e d  a t  t imes ranging  from 24 t o  100 hours a f t e r  f eed ing  revealell 
t h a t  t h e r e  was no s i g n i f i c a n t  exchange of  13'Ba ac ros s  t l ie  bowcj 
( ~ e i f e ,  1962) .  Najean and Arda i l l ou  (1963) s t a t e d  t h a t  l e s s  th ; r  
1% of t h e  o r a l l y  administered 131Ba~0 was found i n  t h e  bones a i  4 
mice. Boendey , Mulder , Ploem, de:Jael , and Verloop (1967 ) repor1 c-i 
a recovery  of  100.5% (96 .5  - 106.5%) a f t e r  t h e  admin i s t r a t i on  o' 
1 3 L ~ a ~ 0  t o  humans. These workers confirmed t h e  nonabsorbabi l i  ty 4 
of t h i s  m a t e r i a l  by means of  t h e  whole body counter .  Similar  
r e s u l t s  were a l s o  r epo r t ed  by Boender and Verloop (1969) froni 
t h e i r  s t u d i e s  on abso rp t ion ,  l o s s  and r e t e n t i o n  of i r o n  i n  rna.m, 
The abso rp t ion  of  131~a-labeled n u t r i e n t s  can b e  s t u d i e d  :by' 
means of  13113a~~ a s  a marker u s ing  a 2 channel g m a  r a y  spee t ro-  4 
meter  system which can d i f f e r e n t i a t e  t h e  emanation of  13'g3 l r o n  t h e  
emanations of t h e  13'1-labeled n u t r i e n t .  S e i f e  (1962) conducted r a t  
balance  s t u d i e s  i n  dogs by t h e  convent iona l  and t h e  l 3 ' B a ~ 0  m c t h n d s  4 
wi th  131~-labeled t r i o l e i n  a s  t h e  d i e t a r y  t e s t  f a t ;  t h e r e  oas nyim?e- 
ment between t h e  two methods 
 a able 4 ) .  I r o n  u t i l i z a t i o n  i n  xnjz h s  
a l s o  been s t u d i e d  by means of t h e  131Baso4 method (Boender -- et - a.1- 
1967; Boender and Verloop, 1969) .  Boender -- e t  a l . (1967) i ~ i d i c a ~  ed 
t h a t  w i th  t h e  a i d  o f  an o r a l  t e s t  dose o f  5 9 ~ e ~ 0 4  and 1 3 1 ~ a ~ 0 h ,  ~ h c  
percentage  of  i r o n  abso rp t ion  can b e  r a p i d l y  and e a s i l y  calculc;i,ed 
wi thout  t h e  need f o r  q u a n t i t a t i v e  c o l l e c t i o n  of  f e c e s .  I n  o r d e r  ";a 
determine t h e  u l t i m a t e  r e t e n t i o n  of  ~e~~ i n  t h e  organism a f t e r  an 
o r a l  t e s t  dose of 5 9 ~ e ,  however, it i s  necessary  e i t h e r  t o  ~ ia?ce  
q u a n t i t a t i v e  de te rmina t ions  of  f e c a l  5 9 ~ e  o r  t o  e s t a b l i s h  vi tk  ihr 
a i d  of a whole body counter  how much 5 9 ~ e  remains i n  t h e  or ,pnisus 
two weeks o r  more a f t e r  admin i s t r a t i on  of a t e s t  dose of  r a d i c a c t i v e  
i r o n  (!Fable 5 ) .  
I n e r t  Metals 
E l l i s  (1.968) has  d i scussed  a number of p r o p e r t i e s  o f  t l c  r n r c  
e a r t h  elements which suggested t h e i r  advantageous use  a s  in134 2 ~ : ;  t i171.e 
markers .  Ce r t a in  of t h e s e ,  i n  a d d i t i o n  t o  be ing  essent ia l l -g  i n d l l ; e s - -  
t i b l e  by mammals ( ~ a m i l t o n  , 1947 ; Garner ,  Jones , and E h a n  , 
1960 ; B e l l ,  1363 ; E l l i s  ,1960) become t i g h t l y  bound t o  p l a n t  
m a t e r i a l  (blorgan, 1959; E l l i s ,  1968; E l l i s  and Huston, 1960) 
and ,  t h e r e f o r e ,  might b e  expected t o  flow through t h e  g a s t r o -  
i n t e s t i n a l  t r a c t  i n  c l o s e  a s s o c i a t i o n  wi th  i n d i g e s t i b l e  f eed  
r e s i d u e s .  Such an a s s o c i a t i o n  would b e  d e s i r a b l e  i n  reducing  
v a r i a t i o n  i n  f e c a l  marker concen t r a t ion  a t t r i b u t a b l e  t o  diff'er- 
e n t i a l  flow of feed r e s i d u e  and marker from t h e  r e t i c u l o r u n e n  
( Corbet t  , Greenhalgh , and Florence ,  1 9  59 ) . 
On t h e  o t h e r  hand, t h e  r a r e  e a r t h s ,  a s  most m e t a l s ,  are 
harmful t o  b a c t e r i a .  This  oligodynamic a c t i o n  expresses  i t s e l  f 
i n  a  LD f o r  Esche r i ch i a  c o l i  B and Pseudomonas ch lo ro raph i s  50 
of 9, 4 ; 5,  4 ; and 0 . 4 ,  4 ug/ml f o r  cerium, europium, and 1-~t e- 
tiurn, r e s p e c t i v e l y  ( ~ a i e r  , 1968) .  Fu r the r  work on t h i s  s p e c i f i c  
problem has been r e p o r t e d  by Johnson and Kyker (1966) , Ta lbdr t  
and Johnson (1967) ,  and Maier (1968) .  
The magnitude of  abso rp t ion  of  d i f f e r e n t  elements from ihe  
a l imentary  t r a c t  of man has been compiled by t h e  I n t e r n a t i o ~ a l  
Commission on Radio logica l  P r o t e c t i o n  (1959) and r o u t e s  of exc rc -  
t i o n  of  t h e s e  elements i n  l a b o r a t o r y  maxals by Altman and D i t ' c x r ' r  
(1968) .  
S c a n d i i  (46  y47Sc) ,  y t t r i u m  ( 9 1 ~ )  , lanthanum (140La) , ce r in?  
(14"Ce), europium (Eu) ,  and dysprosium ( ~ y ) ,  a r c  members of the 
r a r e - e a r t h  group r o r  which d a t a  a r e  a v a i l a b l e  t o  e s t a b l i s h  t h e i r  
c r i t e r i a  as f e c a l  markers.  Other elements d i scussed  he re  i~-icluc, 2 
( 9 5 ~ r )  , ruthenium ( l o 6 R U )  , and gold .  
~ u t h e n i m - 1 0 6  has a  h a l f - l i f e  of  1 year  and decays by 
b e t a  emission t o  lo6Ru which has a h a l f - l i f e  f o r  b e t a  decay- 
106 
of  30 s e c .  Although t h e  fiu b e t a  p a r t i c l e  i s  very  weak 
(maximum energy 0.04 mev) it i s  e a s i l y  counted by v i r t u e  of  
106  
t h e  s h o r t  h a l f - l i f e  of  i t s  daughter  Rh whose predominant 
b e t a  p a r t i c l e  emission has a  maximum energy of  3.5 mev. 
Thompson and H o l l i s  (1958) k i l l e d  r a t s  at i n t e r v a l s  from 
35 min t o  30 hours  fo l lowing  i n t r a g a s t r i c  admin i s t r a t i on  of 
8 uc  of  a  s o l u t i o n  of  lo6Ru c h l o r i d e .  D i s t r i b u t i o n  of ]-06Ru 
w i t h i n  t h e  va r ious  segments of  t h e  G I  t r a c t  and d i s t r i b u t i o n  
o f  t r a c t  con ten t s  were determined by counting and au toradio-  
graphy . It was concluded t h a t  t h e  r a d i o a c t i v i t y  was a s s o c i ~ i t e d  
w i t h  t h e  food r e s i d u e s  i n  t h e  t r a c t  and t h a t  t h e r e  was no s i g n i -  
f i c a n t  holdup of t h e  r a d i o i s o t o p e  due t o  abso rp t ion  on t h e  i n -  
t e s t i n a l  w a l l .  lo6Ru was a l s o  used by Sikov , Thomas , and i l n h l l ~ ~ l  
(1969) i n  t h e i r  s tudy  of  t h e  passage o f  t r a c e r s  through t h e  
g a s t r o i n t e s t i n a l  t r a c t  of neona ta l  and a d u l t  r a t s .  The i r  tech- 
niques were s i m i l a r  t o  t h o s e  r epo r t ed  by Thompson and H o l l i s  
(1958).  A dose o f  9 .5  yc was adminis te red  by stomach tube  and 
r e s u l t s  were expressed bo th  a s  d i s t a n c e  t r a v e l e d  and percent  oC 
l e n g t h  t r a v e l e d .  
103~u-phenanthrol ine complex has  been t e s t e d  by Tan, i l e s t o r ,  
Warner, and Hogan (1968-69) and was found t o  adsorb t o  s o l i d s  of 
d i g e s t a .  
Marcus and Lengemann (1962) in t roduced  9 1 ~  as  a r a d i o i s o t o j  2 
marker f o r  t h e  s tudy  of food movement i n  t h e  smal l  i n t e s t i n c  a f t - r  
t hey  e s t a b l i s h e d  t h a t  it remained wi th  t h e  food and it was non- 
absorbable .  I n  an i n  v i t r o  experiment ,  t hey  l a b e l e d  ground r a t  
food w i t h  9 1 ~  and made a suspension a f t e r  covering it wi th  an 
excess  o f  water  and shaking .  A range  of  pH 3.0 - 8.0 was tes tec i ,  
A f t e r  one hour t h e  samples were cen t r i fuged  and t h e  s o l i d  and 
supe rna t an t  counted s e p a r a t e l y .  A t  pH 3 about 85% of  9 1 ~  remi i red  
combined w i t h  t h e  ground r a t  food and as  t h e  pH i n c r e a s e d ,  about 
967: of  9 1 ~  was found combined w i t h  t h e  food a t  pH 8 .0 .  I n  viv-o 
experiments w i th  r a t s  showed t h a t  a f t e r  f eed ing  1 yc  of 9 1 ~  with 
t h e  d i e t ,  t h e  t o t a l  recovery  o f  9 1 ~  i n  t h e  d i g e s t i v e  t r a c t s  
averaged 97.9+0.8%. - 
Lanthanum-143 (140La ) 
Lanthanzm-140, which was in t roduced  by Hayes, Car l ton  , and 
Nelson (1964) a s  an unabsorbable t r a c e r ,  was used t o  v e r i f y  "i1.e 
t h e  completeness o f  s t o o l  c o l l e c t i o n  and t o  s tudy  absorp t ion  cf 
140 iron-59.  Because of  i t s  abundant high-energy r a d i a t i o n ,  La  
can b e  assa,yed d i r e c t l y  i n  t h e  presence of  most o t h e r  rad io-  
nuc l ides  when appropr i a t e  energy d i s c r i m i n a t i o n  and geometr ic  
1 4  0 
c o r r e c t i o n  f a c t o r s  a r e  used .  When 20 yc of La and 2 pc of  
5 9 ~ e  were g iven  t o  p a t i e n t s  w i th  an o r a l  dose of o t h e r  subsi.anrc ;, 
t h e  recovery of La averaged 96 - 104% and a d i s t i n c t  r e t a r d a i i o r  
of  5 9 ~ e  xc re t ion  was observed.  These worliers recolnmended t'i;~. iiqc 
140 
o f  La i n  s tudying  t h i s  phenomenon. 
140 La was a l s o  used by F ranco i s ,  Compsre, ancl Rondia (1968) in 
t h e i r  s tudy  of' t h e  r a t e  of passage through t h e  d i g e s t i v e  t r a c t  
o f  r a t s  and found t o  b e  e s s e n t i a l l y  i n d i g e s t i b l e .  
9 5 Z r  ox ide  was chosen by MacDougall (1964) t o  e s t ima te  t h e  
f a t  abso rp t ion  from random s t o o l  specimens f o r  t h e  fol lowinq 
reasons : 
1. It i s  not  absorbed from t h e  i n t e s t i n a l  t r a c t  and does 
not  have t h e  p o t e n t i a l l y  i r r i t a n t  e f f e c t  o f  chromium, 
I ts  degrada t ion  product  i s  niobium which i s  a l s o  nan- 
absorbable  and has  a spectrum s i m i l a r  t o  9 5 ~ r .  
9  5 2. The product can b e  ob ta ined  d i r e c t l y  a s  Z r  ox ide  and 
r e q u i r e s  no f u r t h e r  chemical p r e p i a t i o n .  
3 .  It has a s u f f i c i e n t l y  long h a l f - l i f e  (63 days)  t o  be 
of  p r a c t i c a l  va lue  i n  c l i n i c a l  s t u d i e s .  
4. No t o x i c  s i d e  e f f e c t s  have been r e p o r t e d  i n  animals o r  
humans, a p a r t  from r a r e  s k i n  s e n s i t i v i t y  a f t e r  prolong-d 
l o c a l  a p p l i c a t i o n .  
5. 9 5 ~ r  has a  spectrum which would permit  a n a l y s i s  i n  con- 
6 o j unc t ion  w i t h  13'1, 5 9 ~ e ,  and Co us ing  d i f f e r e n t i a l  
count ing techniques  . , 
Using 9 5 ~ r ,  1311-labeled l e i c  a c i d  and carmine, MacDougal-I. 
determined f a t  abso rp t ion  by t h r e e  d i f f e r e n t  methods, 
L.  Chemical. a n a l y s i s  of  a 48-hour s t o o l  c o l l e c t i o n .  
2 .  95~r/131~ r a t i o  i n  food and i n d i v i d u a l  s t o o l  specimens 
over a 2-da,y pe r iod .  
3. By express ing  t h e  t o t a l  131~ recovery i n  stoo3.s as  
percentage  of  t h e  t o t a l  d.ose g iven .  
Doses of 0.25 pc of  9 5 ~ r  and 1 . 7 5  pc of  131~ were g iven  
3 tirnes d a i l y  t o  dogs and t o  c h i l d r e n  4 t o  1 6  yea r s  o l d .  S t o o l  
c o l l e c t i o n s  were obta ined  a s  from t h e  appearance of t h e  f i r s t  
co lored  s t o o l  and cont inued u n t i l  no f u r t h e r  r a d i o a c t i v i t y  was 
demonstrable.  It w a s  concluded t h a t  i n t e s t i n a l  f a t  abso rp t ion  
can b e  a c c u r a t e l y  es t imated  from a s i n g l e  s t o o l  specimen. \,%en 
t h e  f i r s t  marked s t o o l  was excluded from t h e  c a l c u l a t i o n s ,  re-  
s u l t s  ob ta ined  by t h e  random s t o o l  method showed no s i g n i f i c a n t  
d i f f e r e n c e  from t h o s e  obta ined  by chemical a n a l y s i s  of a 48-"hour 
s t o o l  c o l l e c t i o n   able 6 ) .  About 75 - 100% of  t h e  t o t a l  
dose was recovered i n  s t o o l s  w i t h i n  48-72 hours  o f  t h e  l a s t  dose 
g iven  t o  most dogs and p a t i e n t s ;  no d a t a  on complete recovery 
were r e p o r t e d .  
Because of i t s  f a v o r a b l e  r a d i a t i o n  c h a r a c t e r i s t i c s  (ha1  f'-li _'c 
3.4 days and only  elnits a s i n g l e  y-ray- of 0 .15 mev. ) and unrz'usoub- 
a b i - l i t y ,  it was suggested t h a t  47Sc i s  a s u i t a b l e  i s o t o p e  t o  use 
a s  a f e c a l  marker i n  metabol ic  work. 51~r and 117Sc were i n t r o d t ~ ~ c d  
a s  i n e r t  f e c a l  markers by Pearson (1966) who showed t h a t  average 
i eca l  r ecove r i e s  i n  human o f  51~r (adminis te red  a s  l a b e l e d  hano- 
g l o b i n )  and 47Sc were 94.923.97 and 98.6+4.46$, - respect ivel : r ,  a?l:er. 
s imultaneous o r a l  admin i s t r a t i on  of  10  uc of each. There was no 
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e i r  g a s t r o i n t e s t i n a l  t r a n s i t  t ime ,  
Pearson a l s o  poin ted  o u t  t h a t  i s o t o p e s  of  r a r e -ea r th  elemenis f o r  
use  as nonabsorbable f e c a l  markers a r e  more convenient t han  
51. CrHb s i n c e  t h e s e  t r a c e r s  r e q u i r e  no s p e c i a l  chemical preps,- 
r a t i o n .  
47Sc i s  t h e  daughter  of  47Ca and i t s  presence i s  u sua l ly  
regarded  a s  a complicat ing f a c t o r  i n  counting procedures  f o r  
47Ca. The presence of  47Sc, however, was found by Ogg , P e a r s o l ,  
and Veal1 (1967) t o  b e  an advantage because 47Ca, i n  e f f e c t  
c a r r i e s  i t s  own i n e r t  marker and t h i s  can b e  exp lo i t ed  t o  e s t i -  
mate n e t  47Ca absorp t ion  from an o r a l l y  adminis te red  dose by 
measuring a  s i n g l e  a c t i v e  sample of f e c e s .  The o r a l  dose of 
47 47Ca conta ins  a c e r t a i n  r a t i o  47Ca/  Sc which w i l l  depend on 
t h e  growth and decay curves f o r  t h e  two i s o t o p e s .  I f  a  propor- 
t i o n  of t h e  47Ca i s  absorbed,  it l e a v e s  i t s  a s s o c i a t e  47Sc r e -  
maining i n  t h e  g u t ,  s o  t h a t  t h e r e  i s  an excess  of 47Sc i n  t h e  
f e c e s .  This  excess  i s  r e l a t e d  t o  t h e  p ropor t ion  of t h e  47C!a 
which has  been absorbed. Af t e r  o r a l  admin i s t r a t i on  of  approxi- 
mately 1 0  pc of  47Ca i n  f r u i t  j u i c e  t o  p a t i e n t s ,  Ogg -- e t  a l .
(1967) concluded t h a t  t h e r e  was no sys temat ic  d i f f e r e n c e  betlaee:: 
va lues  obta ined  by t h i s  method and va lues  obta ined  by t h e  usual 
cumulative exc re t ion  t echn ique ,  b u t  r e s u l t s  ob ta ined  us ing  sna?; 
f e c a l  samples l e s s  t han  were v a r i a b l e .  This  was a t t r i b u t e d  by  
t h e s e  workers to inhomogeneous d i s t r i b u t i o n  of  t h e  two i so topes  
i n  t h e  g u t ,  a  d i f f i c u l t y  which might be  overcome by sampling C r c . ~  
p r ev ious ly  homogenized pooled specimens. 
The long-l ived 46Sc ( h a l f - l i f e  84 days)  has a l s o  been .;tn;i: ild 
(spencer  and Rosoff ,  1963; M i l l e r  and Byrne, 1970) .  Tn s t u d i e s  
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w i th  c a t t l e ,  M i l l e r  and Byrne (1970) compared lk6Sc v i i h  Ce a:; 
nonabsorbable markers.  It was shown t h a t  n e i t h e r  r a d i o i s o t o p e  
was d e t e c t e d  i n  blood o r  u r i n e  a f t e r  o r a l  dosage and recoveqy 
i n  f e c e s  was a l n ~ o s t  complete; it was concluded t h a t  !6Sc i s  as 
s u i t a b l e  as 1 4 4  Ce f o r  u se  a s  a nonabsorbable r e f e rence  m a t e r i a l  
f o r  c a t t l e  and it could s u b s t i t u t e  i n  mixtures  w i th  c e r t a i n  
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o the r  r ad io i so topes  which Ce would b e  u n s u i t a b l e  because of 
i t s  count ing c h a r a c t e r i s t i c s .  
cerium-144 ( 1 4 4 ~ e )  
cerium-144 has been s t u d i e d  more ex tens ive ly  than  o t h e r  
members o f  t h i s  group a s  a f e c a l  marker ( ~ a r n e r ,  e t  a-l.:, 1950; 
Chandler and Cragle  , 1962 ; M i l l e r  and Cragle , 1965 ; P a d g i t t  , 
Martz , and Graham, 1966 ; M i l l e r ,  1967 ; M i l l e r ,  Pe r ry ,  ChanciLer , 
and Cragle , 1967 ; Huston and E l l i s  , 1968; E l l i s  and Huston , 
1968; Francois  -- e t  a l . , 1968 ; i l i l l e r ,  Moss, H a l l ,  and Gorrnan, 
1969 ; M i l l e r  and Eyrne, 1970) .  
1 4  4 Ce i s  a f i s s i o n  product and a component o f  world-wide 
f a l l - o u t  and i s  p r a c t i c a l l y  nonabsorbable from t h e  g a s t r o i  n t e s -  
t i n a l  t r a c t  of animals ( ~ u ~ o i s ,  1956; Garner -- e t  a l . ,  1 9 6 0 ) -  ?is 
h a l f - l i f e  of  284 days i s  long enough f o r  phys i ca l  decay t o  be  
neglec ted  dur ing  short- term experiments ( ~ a r n e r  -- e t  al- , 1960 ) , 
144  Garner -- e t  al. (1960) suggested t h e  use  of  Ce 3,s a marker i ri 
d i g e s t i b i l i t y  and s i m i l a r  t r i a l s .  They r epor t ed  t h a t  e q u i l i  -- 
brium condi t ions  were reached a f t e r  5-6 days on tw ice  d a i l y  dosc?  
wi th  cows. S i m i l a r  r e s u l t s  were obta ined  by Chandler and Craglr 
(1962) i n  t h e i r  s tudy  of  t h e  g a s t r o i n t e s t i n a l  s i t e s  of  absorpti .cn 
and endogenous s e c r e t i o n  of  calcium and phosphorus i n  d a i r y  c a L ~ r c , ,  
P a d g i t t  e t  a l .  (1966) found t h a t  144  
--
Ce concen t r a t ion  i n  t h e  f eces  
reached equ i l i b r ium w i t h i n  3 days i n  r a b b i t s .  On t h e  sevenLh d:,y 
a f t e r  i n g e s t i o n ,  t h e  r a b b i t s  were k i l l e d  and no r a d i o a c t i v e  ceriwq: 
was d e t e c t e d  i n  t h e  u r i n e ,  b lood ,  muscle,  bone, l i v e r ,  kidney,  
s p l e e n ,  h e a r t ,  o r  l ungs .  When one r a b b i t  was switched t o  uiztrrectca 
d i e t ,  t h e  r a d i o a c t i v i t y  i n  t h e  whole body dropped t o  background 
count w i t h i n  3 days.  1 4 4  Ce was a l s o  t r i e d  by Francois  e t  all., (1968) 
i n  t h e i r  s tudy  of  food passage through t h e  d i g e s t i v e  t r a c t  of r e t s  
and sheep and found t o  b e  e s s e n t i a l l y  nonabsorbable.  
Fu r the r  eva lua t ion  o f  r a d i o a c t i v e  cerium as  a  non-abso-rb ed 
marker became a v a i l a b l e  from comparison wi th  o t h e r  w e l l  known 
markers.  M i l l e r  and Cragle  (1965) ob ta ined  comparable r e s u l t s  
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w h e n u s i n g  CeCl a n d C r O  i n t h e i r  s tudy  o f g a s t r o i n t e s t i n a l  3 2 3 
s i t e s  of abso rp t ion  and endogenous s e c r e t i o n  o f  z inc  i n  d a i r y  
c a t t l e .  L a t e r ,  M i l l e r  -- e t  a l . (1967) showed t h a t  t h e  e x c r e t i o n  
curves of 144  141Ce, Ce, and C r g O g  were e s s e n t i a l l y  s i m i l a r  i n  
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c a t t l e  ( f i g .  1). Huston and E l l i s  (1968) compared Ce w i t h  
chromic oxide and polye thylene  g l y c o l  (PEG) a s  f e c a l  markers ,  The 
v a r i a t i o n  i n  each marker ' s  f e c a l  concen t r a t ion  a t t r i b u t a b l e  Lo 
a n a l y t i c a l  d e t e r m i n a t i o n  ( d u p l i c a t e s  ) , c o l l e c t i o n  pe r iods  , an6 
sheep i s  expressed a s  c o e f f i c i e n t s  o f  v a r i a t i o n  i n  Table 7 .  Thcce 
r e s u l t s  i n d i c a t e d  t h a t  t h e r e  was cons iderably  l e s s  v a r i a t i o n  be- 
tween c o l l e c t i o n  per iods  and between sheep i n  t h e  f e c a l  concentr3tiLon 
0 f 1 4 4  Ce than  f o r  e i t h e r  chromic oxide  o r  PEG. Huston and Y l l i z  
(1968) and E l l i s  and Huston (1968) eva lua ted  f u r t h e r  p r o p e r t i e s  af 
radj.ocerium as  a  d i g e s t a  marker f o r  ruminants by -- i n  v ivo  and - i n  - b r i i > - f )  -
s t u d i e s .  Resul t s  suggested t h a t  r a d i o a c t i v e  cerium remained 
I 
i n  c l o s e  phys i ca l  a s s o c i a t i o n  wi th  i n d i g e s t i b l e  r e s idues  dur ing  
t h e i r  t r a n s i t  o f  t h e  ruminant g a s t r o i n t e s t i n a l  t r a c t  by con- 
t i n u e d  adsorp t ion  onto  i n d i g e s t i b l e  p a r t i c l e s  o r  by r eadso r2 t ion  
onto  o t h e r  p a r k i c l e s .  M i l l e r  and Byrne (1970) s t a t e d  tha.t  be- 
cause of t h i s  adso rp t ion  and t h e  p o s s i b i l i t y  of  secondary l a b e l i n g ,  
r e s u l t s  ob ta ined  w i t h  a r a r e  e a r t h  marker do no t  correspond t o  
r a t e  of passage a s  de f ined  by Balch (1950) s i n c e  r e s i d u e s  f:rom 
s e v e r a l  meals could b e  l a b e l e d  ; v a l i d  comparisons , however, could 
b e  made us ing  a  r a r e  e a r t h  a s  a f low r a t e  marker f o r  t h e  t o t a l  
r e s i d u e s  de r ived  from t h e  t o t a l  d i e t .  P a d g i t t  -- e t  a l . (1966) have 
shown from t h e i r  experiments w i t h  r a b b i t s  t h a t  t h e  average dry 
144 
mat t e r  d i g e s t i b i l i t y  Fietemined by t h e  Ce r a t i o  techniquc  was 
31.9% compared wi th  34.8% f o r  t o t a l  c o l l e c t i o n .  This  d i f f e r e n c e  
of  about 3 percentage p o i n t s  i s  l a r g e  enough t o  cause some carlcern 
1 4 4  
about t h e  accuracy of  t h e  Ce technique .  However, t h e  t o t a l  
number of  animals i n  t h i s  experiment was only  f o u r ;  t h i s  i s  not  
enough t o  j u s t i f y  judging t h e  accuracy of t h i s  marker t o  e s  tiaate 
d i g e s t i b i l i t y  on t h e  b a s i s  of  t h e s e  r e s u l t s .  
Gold 
B r i s  , Dyer, and Teare (1967) used r a d i o a c t i v e  (lg8Au) to study 
t h e  passage of  i n g e s t a  through t h e  d i g e s t i v e  t r a c t  o f  ruminaiiis.  
Radiogold (198~u)  was o r a l l y  adminis te red  t o  c a t t l e  and sheep ar? 
t h e  t ime course of  i t s  e x c r e t i o n  was fol lowed.  The e x c r e t i o n  p h i  t e r n  
was found r ep roduc ib l e .  No r a d i o a c t i v i t y  i n  t h e  u r i n e  and no visible 
damage from i r r a d i a t i o n  i n  t h e  d i g e s t i v e  t r a c t  was observed.  I:il!cn a 
muscle r e l a x a n t  was adminis te red ,  t h e  passage o f  i n g e s t a  a s  
descr ibed  by t h e  exc re t ion  p a t t e r n  of lg8Au, was slowed down. 
These au thors  i n d i c a t e d  t h a t  t h e  h a l f - l i f e  of l g 8 ~ u  of 64.8 
hours  was long enough f o r  r a t e  o f  passage s t u d i e s  b u t  s h o r t  
enough t o  make decontamination of equipment a r e l a t i v e l y  minor 
problem. They proposed t h e  use  of  s t a b l e  c o l l o i d a l  gold and 
a s say  by neutron a c t i v a t i o n  a n a l y s i s  when it i s  undes i r ab le  t o  
u se  r a d i o a c t i v e  i s o t o p e s .  This  proposa l  w a s , p u t  t o  experimental. 
t e s t  by Martz , Asay , Wormington , Leddicot te  , and Daniels  (1969 1, 
These workers used a  s t a b l e  gold- res in  complex a s  a  marker t o  
s tudy t h e  passage of  i n g e s t a  i n  c a t t l e  employing neutron a c t i -  
v a t i o n  a n a l y s i s  f o r  de te rmina t ion  o f  go ld .  The gold p a r t i c l e s  
were exc re t ed  a t  a  f a s t e r  r a t e  t h a n  s t a i n e d  s t r aw  and t h i s  was 
a t t r i b u t e d  t o  t h e  smal l  p a r t i c l e  s i z e  of t h e  gold  marker (20~--b00 
mesh).  The v a r i a t i o n s  a s s o c i a t e d  wi th  t h e  gold technique  were 
approximately o f  t h e  same magnitude a s  t h o s e  when s t a i n e d  s t r s w  
i s  used a s  a  marker.  This  s tudy  showed t h a t  gold can b e  de t ec t ed  
at a  l e v e l  of  g/g of  d r i e d  f e c e s  wi-th 5% accuracy between 
r e p l i c a t e s .  
Others 
It has a l r eady  been po in t ed  ou t  t h a t  t h e  r a r e  e a r t h  elements 
become t i g h t l y  bound t o  p l a n t  m a t e r i a l  a s  a r e s u l t  o f  possess ing  
adso rp t ion  p r o p e r t i e s .  These adso rp t ive  e f f e c t s ,  a s  summarized 
by E l l i s  (19681, occur  a t  concent ra t ions  approximating, o r  l e s s  
t h a n ,  t h e  molar s o l u b i l i t y  of  t h e  corresponding hydroxides ( i n  
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t h e  o rde r  of 1 0  t o  M) and a t  " r a d i o c o l l o i d a l  behavior"  
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concen t r a t ions  (below 1 0  t o  and i n  t h e  o r d e r  of 1.0-l1 14) a 
These concen t r a t ions  a r e  below t h e  d e t e c t i o n  range of  t h e  usual 
methods of  chemical a n a l y s i s  and, hence,  r ad io i so topes  of  Y3e 
elements have u s u a l l y  been employed i n  s tudying  such behav io r .  
The use  of  r a d i o a c t i v e  t r a c e r s ,  however, i n t roduces  t h e  problems 
of  caut ious  handl ing  and was te  d i s p o s a l ,  e s p e c i a l l y  i n  s t u d i e s  
w i th  l a r g e  animals .  The u s e  of  dysprosium a s  a marker and a c t i -  
v a t i o n  a n a l y s i s  a s  t h e  technique  f o r  i t s  de termina t ion  overcomes 
t h e s e  problems and o f f e r s  t h e  advantage of  us ing  a  member of the 
r a r e  e a r t h  group. It was suggested by E l l i s  (1968) t h a t  t h e s e  
problems of  waste  d i s p o s a l  may be circumvented by r a d i o a c t i v a t i o n  
a n a l y s i s  o f  t h o s e  r a r e  e a r t h  elements of  s u f f i c i e n t l y  h igh  nuc lea r  
c ros s  s e c t i o n  t o  provide  t h e  r e q u i r e d  a n a l y t i c a l  s e n s i t i v i t y  i n  
t h e  f e c e s  of animals f e d  t h e  nonradioac t ive  i s o t o p e  o f  t h e  element, 
Dysprosium, a  nonradioac t ive  i s o t o p e  and a  member o f  t h e  r a r e  e a r t h  
group,  was used by E l l i s  (1968) as a nonabsorbable marker.  He 
desc r ibed  a  method f o r  t h e  in s t rumen ta l  r a d i o a c t i v a t i o n  a n a l y s i s  
of  t h i s  element i n  f o r a g e s ,  rumen con ten t s  and f e c e s .  It was spawn 
when sheep were f e d  hay con ta in ing  36.2 ppm of  Dy t h a t  i t s  recovery 
i n  t h e  f eces  averaged 99.8% (97.5 - 102.8%) and t h a t  t h e  v a r i a t i o n  
i n  f e c a l  dysprosium concen t r a t ion  between and w i t h i n  d a i l y  samples 
of  f e c e s  was between two and t h r e e  t imes  i t s  v a r i a t i o n  i n  coneen- 
t r a t i o n  on t h e  i n g e s t e d  fo rage  upon which it had been adsorbed. 
E l l i s  (1968) poin ted  ou t  t h a t  t h e  low w i t h i n  and between day v a r i -  
a t i o n  i n  f e c a l  Dy concen t r a t ion  sugges ts  p o t e n t i a l  advantages l 'or 
r a r e  e a r t h  elements over  o t h e r  p r e s e n t l y  accepted i n d i g e s t i b l e  r ,?r-  
k e r s  . 
Because of i t s  s h o r t  h a l f - l i f e ,  Dy might pose problems Tor 
some r e a c t o r  f a c i l i t i e s  which a re  not we l l  equipped f o r  handling 
i t s  a c t i v a t i o n  axa lys i s  . E l l i s  (1968) proposed t h a t  europium 
may be more d e s i r a b l e  where l e s s  automated f a c i l i t i e s  are avail-  
a b l e  because it has a  high nuclear  c ross  s e c t i o n  and r e a c t s  with 
thermal  neutrons t o  produce high-energy gamma emit t ing  radio: ' so-  
topes  ( l 5 * ~ u  and 1 5 4 ~ u )  , having r e l a t i v e l y  long h a l f - l i v e s  (5 .3  
 ears ) . Other candidates f o r  a c t i v a t i o n  ana lys i s  inc lude  terbium 
y t t e r b i m  , l u t e t ium,  and chromium. 
Microorganisms 
B a c t e r i a l  spores  have been used a s  a  marker i n  s t u d i e s  of  
t r a n s i t  t ime through t h e  d i g e s t i v e  t r a c t .  Holman and Fernish 
(19231 fed spores of Bac i l lus  a n t h r a c i s  t o  guinea p igs  and found 
t h a t  t h e  animals r a r e l y  become in fec ted  but  pass anthrax spores 
f o r  many days. Meyer and Easton ( p o t e d  by Alvarez and Freedl a c d e r  , 
19241 s t u d i e d  t h e  passage of washed d e t o x i f i e d  spores  of - B. b o t u -  -.- 
l i n u s  through t h e  d i g e s t i v e  t r a c t s  of  r a b b i t s  and guinea p igs .  Tt 
was repor ted  t h a t  t h e s e  spores  had l i t t l e  o r  no in f luence  on t h e  
animal.  Large numbers came through i n  24 and 48 hours ;  a  goo? nlsny 
f o r  t h e  next  week, and then  a  few a t  i n t e r v a l s  f o r  months af terw3rd.  
More r e c e n t l y ,  Ducluzeau, B e l l i e r  , and Raibaud (1970 ) repor ted  cn 
t h e i r  s t u d i e s  of t h e  t r a n s i t  of t h e  inocula  of s e v e r a l  b a c t e r i a l  
s t r a i n s  through t h e  d i g e s t i v e  t r a c t  of mice. These workers used 
t h e  spores  of t h e  s t r i c t l y  thermophi l ic  Bac i l lus  s u b t i l i s  which are  
incapable of germinating a t  t h e  temperature of  t h e  animal 's  bod-- as 
a  marker of  t r a n s i t  through t h e  d i g e s t i v e  t r a c t .  It was found! i h a t  
t h e  speed of' p ropuls ion  of  t l ie con-Lents and t h e  exnptyi-112 oC -i;ile 
i n t e s t i n e  were more r e p i d  in c l a s s i c  t han  i n  g e m f r e e  anirla.li;, 
When t h e  k i n e t i c s  of  t h e  appearance and riisappcsrance of t'cc.: 
spores  of t h i s  Zincillus j n  t h e  f eces  of  c l a s s i c  ]nice were corq- 
pared wi th  t h o s e  of c e l l s  of  1 0  b:l ,cterial  s t r a i l i s  introdrice j 
os" , it was found t h a t  Sa l~none l?~a  tph imur iw . i ,  I G b s i e I  LL7- 
f ~ n ~ ~ m o n j  _ _ _ _ _ - ¶  s e  Shigel1.a - Plexner i  , LactoSaci1~lu.s ---- s a l v a r i o u s  , a?~c! P
s t rep tomycin- - res i s tan t  s t r a i n  of  Eschericlli --- a - c o l i  o r j  g ina t i lv ,  
rroni t h e  lliouse d i g e s t i v e  t r a c t  ?rere e l imina ted  8t t l ie  sane  $,:?(-?$ 
as  t h e  Bacill_us spores  ; c. col i , II: S, Welchj a  p e r f r i r l ~ ~ ,  -1 d. 12 -------- 
Pseudomonas s ~ .  were e l imina ted  more r a o i d l y  ; Staphjrl ococbcvjr, 
 yog genes - and e a e r o p h o r u s  variu-s were el i rninzted more s l o  sr 
- -- 
t han  t h e  - Baci l l  u s  spo res .  
Contrepois and Gouet (1969) have dcvj-sed a microbiol.osr c r '  
t echnique  t o  lileasure t h e  t r a n s i t  o f  m i c r o p a r t i c l e s  i n  t h e  d-[,eel -vr_ 
r'l' t r a c t  of rwni.na,nts u s ing  t h e  spo res  of  Bacj.1l.u~ s u b t i l i s .  l,!-ie 
------ ----- 
met!iod ta,k;es adva,ntage of  t h e  f a c t  t h a t  t h i s  s t r a i n  i s  a s-b-r:.c:f, 
ae rob ic  thel~llopl-iile ; sport; i i i troduced i n t o  t h e  anaerobi c  _J; .:
of Lhe ru~n inan t  d i g e s t i v e  t r a c t  a t  bhe temperature of 3?OC e a i ) Y '  
germinate .  They, ho.irever , n ~ u l t i  p l y  r a p i d l y  a t  6 0 ' ~  ; t h i s  I L : ,c : i 
easy t o  s e p a r a t e  t h i s  st:railz from o t h e r  b a c t e r i a  of t h e  rmc . r l ,  
Beside t h e s e  c l ia rac te r i s t j . cs  , t h e  au thors  c1.ai.m that,  thesi. ; ucrc . . ;  
aild eiiz~7;iati c agerlts.  The proccdurc has been desc r ibed  b y  L ~ ~ C ~ ~  
simp]-c, ra.p-id, and accurciie b u t  suggesteil  tha t  a deCini1, i .v~ .jttr?: 82::c:l!. 
of t h e  t e c l ~ n i q u e  slioulil await  comparison wi-i;h o t h e r  methods of' :,,;I,-:;~.. 
It i s  recommended. t h a t  a p p l i c a t i o n  of sucll m i  crobi o l o . ; i r d  
tec i l~? iqucs  i n  h~rn~xns sl-ioul-d not  be allowed u n t i l  comp.Letcl:l 
proven sate i n  o t h e r  monogastric ani111al.s . 
O t l ~ e r s  
--- 
----- 
Stan ley  mi! Cheng (1 956, 1957) suggested t h e  use  o r  i neri 
i n d i c a t o r s  t o  s tudy  t h e  abso rp t ion  of such r e a d i l y  exchsngeal??l c
1 4  
su'ostances a s  c h o l e s t e r o l .  They used chromic oxide and C- 
l a b e l  ed c h o l e s t e r o l  t o  determine c h o l e s t e r o l  exc re t ion .  Lzter , 
". 
Gruncly , Ahrens , and Sa len  (1968) foui?d -tl-iat c h o l e s t e r o l  and 
some o t h e r  co~ixriol~ly inges t ed  p l a n t  s t e r o l s ,  dur ing  passsge  ire^ -:I 
-the i n t e s t i n e ,  a r e  degraded t o  products  ~.rhich a r e  no lon3e;- rccij2- 
n i z a b l e  a s  n e u t r a l  s t e r i o i d s  by Lileir method of gas - l i qu id  c h ~  c,lC i- 
tographg . U~il.ike choles  l e r o l  , p l a i ~ t  s t e r o l s  a r e  ncgligi'ul J- &b- 
sorbed i n  man, b u t  t h e  peycenteze of r a d i o a c t i v i t y  from d i d  ,r 
c h o l e s t e r o l  Touiid i n  t h e  f eces  i s  almost exac t ly  t h e  same a.; -I;_, 
of p l a n t  s t e r o l s .  These workers ?i:ere a b l e ,  t h e r e f o r e ,  Co use y ;, 
s t e r o l s  a s  i n t e r n a l  standa-rd t o  c o r r e c t  f o r  t h e  u.nacco~mta.b:l-. :i-o.;s 
of c h o l e s t e r o l .  To determine cho1 .e~- t e ro l  exc re t ion  i n  the fii.cc:;, 
radioacti7re c h o l e s t e r o l  and B-s i tos te ro l  l a b e l e d  ? ~ ~ i l ; h  di.Sii'e:.r.ea.i. 
3 1 4 i s o t o p e s  ( EI o r  C )  were f ed  t o  -the p a t i e n t s .  Beta-sitos.i;c..roli :>-:: 
. . 
chosen as  t h e  i n t e r n a l  s- tandard i n  man beca,use 5 . t  i s  on ly  EI:~~C-~L;C~'~. 
t o  a vel-y sl-l.ght degree (5:d o r  l e s s )  and wllat i s  absorbed j.s 
rct~lrnei l .  t o  t h e  in . t e r , t i nn l  lunen .  This  cornpound a,lso passes 
-the intes'ii.ne i11 the same p!1ysicochenicnl s t a t e  3s cl.lolc:;ti:~~c!IL; ii- 
accompal-iies c h o l e s t e r o l  at every ste-i? o-E i-Ls isol.a.l.l.oi: and c3?-,rj)q:.:i;o.-- 
r;r'ap?iic maasurernen!, , it i s  l o s t  'to t l ie sane e s t  eni, as ~!-io!.tr-~ t,i.rrz i 
duc t o  b a c t e r i a l  degrada t ion  i n  t h e  i n t e s t i n e .  
This grocccim-c was a l s o  used by B o r ~ s t r o m  (1969) f o y  
t h e  q u a n t i f i c a t i o n  of c h o l e s t e r o l  absorp t ion  i n  mm a f t e r  
t h e  feeding  of  a s i n g l e  i so tope- labe led  meal.  
INTERIJMJ I;imKERS 
w- 
S i l i c a  
Wildt i n  1874 suggested t h a t  s i l i c a  could s e r v e  a s  a 
d i g e s t i b i l i t y  i nd i  c a t o r  by v i r t u e  of i t s  nonabsorbabil  iijr. 
He s t u d i e d  d i g e s t i o n  i n  d i f f e r e n t  p a r t s  of t h e  d i g e s t i v e  
t r a c t  of sheep us ing  n a t u r a l l y  occu r r ing  s i l i c a  as a  r e f e r  - 
ence subs tance .  Tn t h i s  iechni-que t h e  animals were s l a u ~ h , ~ i  i ?L 
a f t e r  a  pe r iod  of  s t anda rd ized  f e e d  i n t a k e  and t h e  absorptio-1 
and exc re t ion  of a number of f eed  co l i s t i t uen t s  i n  r e l a t i o n  io 
t h e  s i l i c a  were t h e n  determined.  More than  50 yea r s  l a t e r ,  
Gal lup (1929) r e in t roduced  s i l i c a  a s  a  s u i t a b l e  digestihiliL:, .  
i n d i c a t o r  and a  p o s s i b l e  s u b s t i t u t e  f o r  i r o n  oxide .  I n  a stud1 
with  r a t s ,  s i l i  ca  and i r o n  oxide were compared t o  t h e  convel i  i 3 l r - l  
method; d a t a  f o r  p r o t e j  n  d i g e s t i b j  l i t y  agreed c l o s e l y .  L a e  7 - ,  
Gallup arid Kuhlman (1931) r epea t ed  t h i s  work wi th  l a r g e  a n l r s l ;  
( c a t t l e )  and confirmed t h e  e a r l i e r  conclusion of  ikie validii; l-  c! 
s i l i c a  as an i n d i c a t o r  o f  p r o t e i n  di g c s t i b i l i t y  . They f u r l  I r  1- 
colzcl.uded. t h a t  t h e  s i l i c a  natu.rnl ly  contained i n  -the feed  scrvc:? 
2s a  be t t e r .  index of t h e  d - i g e s t i b i l i t y  of  t h e  o t h e r  subs-La~?i.i!s 
( f a t ,  f ' ibcr ,  and n i t rogen-f ree  e x t y a c t )  t han  d i d  t h e  added. -il-cr: 
~ i ~ a r k e r  . Whitson, Ca r r i ck ,  Roberts ,  and Kauge (1943) ,  howeve- , 
poixlted ou t  thai; t h e  s i l - i c a  me-thod. did no-t seem a p p l i c a b l e  I;o 
pou l t ry  due 1,o -the h igh  ~ni i ieral  , low s i l i c a .  conten t  of tlze di cat , 
p o s s i b l e  r e t e n t i o n  of  s i l i c a  p a r t j c l e s  i n  t h e  g i z z a r d ,  and the 
occurrence of s i l i c a  i n  t h e  f e a t h e r s ,  S tud ie s  conducted l a t e r  
by Gallup,  iiobbs, and Briggs (1945) tri1,h c a t t l e  and sheep 
ind ic+ ted  t h a t  t h e  recove1.y of s i l i c a  i n  t h e  f e c e s  is not  
q u a n t i t a t i v e  under al.1 condi t ions  a s  shown i n  Table 8. E s t i -  
mates of fo rage  in-td&e of graz ing  anirilals u s ing  s i l i c a  as  
marker were more v a r i a b l e  t h a n  t h o s e  ob ta ined  w i t h  l i g n i n  (Yrn 
Dyne and lleyer , 1964 ) . nro major f a c t o r s  ~ a y  account f o r  
v a r i a b i l i t y  i n  recovery  of s i l i c a .  F i r s t ,  some of t h e  jngesxe4. 
s i l i c a  i s  absorbed and exc re t ed  i n  t h e  u r i n e  ( ~ a u e r ,  Laughland 
and Davidson , 1959 ; Forman and Sauer , 1962) . Second, cont,ani n 7- 
t i o n  of t h e  food consxmed by animals w i th  dus t  i s  noted.  T:ic 
degree of t h i s  contamination depends, of cou r se ,  on t h e  su--~-ol;;l~ j -  
environment . 
Lisn in  
-- 
Diet r ic l i  a ~ i d  Konig (1-871) quoted by Csonka, P h i l l i p s ,  ~IT;: 
J o n ~ s  (1929) claimed t l ia t  l i g n i n  was not  d iges ted  i n  t h e  an i :n J  
body. Paloheimo (1925) s t a t e d  t h a t  l i g n i n  reappears  quant i t ,n-  
Lively a,nd unchanged i n  t h e  i'eces . Rogozinski and Starzeusica 
(1926,  1928) found t h a t  t h e  l i g n i n  i n  o a t  s t r aw  i s  11oL d i ~ e s t c d  
by sheep.  Hubner (192R),  hoslcver, r epo r t ed  a. l o s s  of 1 i r : v i c  ~ 1 1  
hu~nans and dogs, Csonka -- e t  a l ,  (1329) i n d i c a t e d  t h a t  l j g n ~ n  
:;ui'Sers a l o s s  of t h e  metlioxyl grou?? i n  psr;.;irig i-hrouy,h 1,ll-t. 
boily , and liencc , i s  bl.olicn clown by t h e  animal organi  SIII. Tlli s 
dcp,rsdation Laken p l ace  in t h e  sto.11ach and i s  not  bro~lyht  l L c u i  
b a c t e r i a  b u t  r a t h e r  by some o t h e r  agent .  Hale,  Duncan, and 
IIuffman (3939) shot\red t h a t ,  i n  cows, l i g n i n  was d iges t ed  i n  
v a r i a b l e  alnounts up t o  24% and t h a t  d iges  Lion d i d  not  t a k e  
p l ace  i n  t h e  rwnen b u t  a f t e r  pass ing  from t h e  r m e n .  Forbec 
and Syif  t (1943) found l i g n i n  t o  vary  i n  d i g e s t i b i l - i t y  from 
nega t ive  va lues  t o  p l u s  29% i n  c a t t l e ,  and E ly ,  Kane, Jacobsoc,  
and Moore (1953) found t h e  apparent  d i g e s t i o n  c o e f f i c i e n t s  of 
l i g n i n  i n  c a t t l e  f e d  r a t i o n s  con ta in ing  orchard  g ra s s  c u t  a t  
f o u r  s t a g e s  of  m a t u r i t y  ranged from 4 t o  16%. A range  of -7 
t o  142% was r e p o r t e d  by Smith,  Turner ,  and Har r i s  (1956) f o r  
apparent  d i g e s t i b i l i t y  of  l i g n i n  i n  n ine  fo rage  spec i e s  by 
d e e r .  Lignin o f  a l f a l f a  hay was d iges t ed  t o  t h e  e x t e n t  of  
2 t o  11% by deer  and 9 t o  15% by sheep.  
E l l i s ,  Pjiatrone, and Maynard (1946) suggested an improved. 
method f o r  l i g n i n  de te rmina t ion  - t h e  72% s u l f u r i c  a c i d  method - 
and showed t h a t  l i g n i n  was no t  d iges t ed  by t h e  cow, sheep cr 
r a b b i t .  Hecovery range vas  34 - 106% f o r  s group of feeds  
t e s t e d .  Data f o r  d i g e s t i b i l i t y  a s  c a l c u l a t e d  by t h e  l i g n j n  
r a t i o  and convent ional  methods compared favorably .  S w i f t ,  
Thaclccr , Black,  BI-a tz le r ,  and Janes  (19b7) reached t h e  sane 
conclusion f o r  l i g ~ i i n  a s  a  d i g e s t i b i l i t y  index i n  sheep.  F'orbc 
and Garr igus (1948) app l i ed  t h e  l i g n i n  r a t i o  technique  t o  t h e  
s tudy  of  d i g e s i i b j  li by of' p a s t u r e  forages  by s t e e r s  and w e t h e  r 7 .  
The average recovery o f  l j g n i n  w a s  102% i l l  dxges t ion  t r i a l s  :s~*, 
s t e e r s .  Cons~miyti on of dry  rnaticr , d j g e s t i b l e  p r o t e i n  an3 I o a 
d i  5 e s t  i b l  e nu1,rients ('J'DPJ) wpre calcul.ated f o r  sheep a n d  ~i -.PI ;- 
i n  g raz ing  t r i a l s  u s ing  t h e  l i g n i n  r a t i o  method. Kane, Jacobson,  
and .Moore (1950) r epo r t ed  a  mean recovery o f  98.8% (97 .1  - 101.5%) 
f o r  l i g n i n  as compared t o  99.9% (99.0 - 101.2%) f o r  chromic oxide 
i n  cows f e d  a  r a t i o n  w i t h  a l f a l f a  a s  fo rage .  There were no s i g c i -  
f i c a n t  d i f f e r e n c e s  between d i g e s t i b i l i t y  c o e f f i c i e n t s  ob ta ined  by 
t h e  use  o f  l i g n i n  and chromic oxide  r a t i o s  and t h o s e  ca l cu la t ed  kdT 
t h e  convent iona l  procedure of  t o t a l  q u a n t i t a t i v e  c o l l e c t i o n .  The 
l i g n i n  of  orchard  g r a s s ,  however, appeared t o  be d iges t ed  t o  
v a r i a b l e  degrees .  Recoveries of t h e  l i g n i n  i n  orchard  g r a s s  
averaged 95.7% f o r  3 cows ( ~ a n e ,  E ly ,  Jacobson,  and Moore, 19531. 
Losses of  t h i s  s i z e  were seen  by Kane, Jacobson,  E ly ,  and Moore 
(1953) t o  l i m i t  t h e  u se fu lnes s  of  t h e  orchard  g r a s s  l i g n i n  as  a 
d i g e s t i b i l i t y  i n d i c a t o r .  Elaril and Davis (1961) r e p o r t e d  a reeo-rcry 
of 87% f o r  l i g n i n  of  a  mixed r a t i o n  f e d  t o  c a t t l e .  
V a r i a b i l i t y  i n  r e p o r t s  on d i g e s t i b i l i t y  and recovery of l i [ > ~ - - n  
may b e  a t t r i b u t a b l e  t o  t h e  a n a l y t i c a l  methods used f o r  d e t e r m i n > t i c n  
of l i g n i n  ( ~ a l c h ,  Balch,  and Rowland, 1954; Van Soes t  , 1964 1.  ''5e 
incomplete knowledge of  l i g n i n  s t r u c t u r e  l i m i t s  t h e  s p e c i f i c i t y  oS 
a l l  l i g n i n  methods which a r e  based t o  some e x t e n t  on empirieisi?.  
This  s i t u a t i o n  i s  f u r t h e r  complicated by evidence i n d j  c a t i n g  t h a t  
f e c a l  and d i e t a r y  l i g n i n  a r e  somewhat d i f f e r e n t  i n  t h e i r  CktYriedi 
c h a r a c t e r i s t i c s  ( ~ l y ,  Kane, Jacobson,  and Moore, 1953; Bal ch -- e t  31, , 
1954 ; E l m  and Davis ,  1961) .  The impact of' t h e  method of d e t e r -  
minat ion of l i g n i n  on i t s  u se  a s  a  marker i s  c l e a r  from t h e  To1 o ~ ~ i n :  
examples. Crampton and Jackson (1944) found t h a t  t h e  l t f o m ~ a l d e i ~ y - ~ e  
l i g n i n "  was nega t ive ly  c o r r e l a t e d  wh i l e  " l i g n i n  by d i  f  fe rence"  T-s; 
only s l i g h t l y  but  p o s i t i v e l y  c o r r e l a t e d  wi th  d i g e s t i b i l i t y  of  
t h e  dry ma t t e r .  E l l i s  -- e t  a l . (1946) improved l i g n i n  de te r -  
minat ion by in t roducing t h e i r  "72% iipS04" method. Resul t s  i n  
Table 9 show t h e  e f f e c t  of s l i g h t  v a r i a t i o n  i n  s u l f u r i c  a c i d  
concent ra t ion  ( ~ u e l l e r  , 1956) .  From d i g e s t i b i l i t y  t r i a l s  wi th  
cows, Balcli, Balch, and Rowland (1954) obta ined  d i g e s t i b i l i t y  
c o e f f i c i e n t s  of 9 .3 ,  4.7, and 1 . 3 %  f o r  crude l i g n i n  and 8 .3 ,  
9 .l, and 4.4% f o r  co r rec ted  l i g n i n  ( f o r  contaminating p ro te ins  ) 
when determinat ions were c a r r i e d  out  by t h e  t h r e e  methods of  
( 1 9 4 ~ 1  Norman and Jenkins (1934) a s  modified by Gray ; l i s  , Matrone , 
and Maynard (1946) ; and Armitage, Ashworth, and Ferguson (1948) , 
r e s p e c t i v e l y .  P r i c e ,  Lindahl , Freder iksen ,  Reynolds, and CaLn 
(1964) compared t h e  "72% H2S04" method t o  t h e  "acid-detergent  
l i g n i n "  (ADL) method (van S o e s t ,  1963) when l i g n i n  was used t o  
es t imate  t h e  dry  mat ter  i n t a k e  of  sheep from fo raze  a t  differel: 
s t  ages o f  snaturi t y  . Dry mat t e r  i n t a k e  was c o n s i s t e n t l y  h igher  
t h e  ADL method was used. Analysis f o r  l i g n i n  i s  f u r t h e r  
complicated by t h e  e f f e c t  of drying and hea t ing  during the ?re- 
pa ra t ion  of l abora to ry  samples. Van Soest (1964) found t h a t  t h e  
drying techniques t h a t  a r e  sometimes employed on t h e  feed  a n d  
feces  produce s e r i o u s  hea t  damage  a able 1 0 ) .  
I n  s p i t e  of t h e s e  l i m i t a t i o n s ,  s e v e r a l  workers continue t o  
use l i g n i n  as  a  marker e s p e c i a l l y  i n  s t u d i e s  of n u t r i e n t  c ? i g e ; ~ ~ a l .  
i n  t h e  rumen due t o  t h e  f a c t  t h a t  i t s  r a t e  of  flow out  of this 
organ i s  l e s s  vaxiable  t h a n  t h a t  of o the r  widely used markers si:-e!i 
as  chromic oxide ( ~ o h n s o n ,  Dinusson, and Zo l in ,  1964 ; Drennan, 
Holmes, and C a r r e t t ,  1970) .  An i n t e r e s t i n g  method f o r  l i g n i n  
de te rmina t ion  i n  ac id-de tergent  f i b e r  (PDF) has  been in t roduced  
by Van Soes t  (1967).  I n  t h i s  method, potassium permanganate i s  
used t o  o x i d i z e  l i g n i n  a t  room tempera ture  and removes it from 
t h e  f i b e r  r e s idue .  This  method permi ts  s imultaneous deterniina- 
t i o n s  of  l i g n i n ,  c e l l u l o s e ,  and s i l i c a .  
Chromo~en 
The u s e  of  p l a n t  chromogen as a d i g e s t i b i l i t y  i n d i c a t o r  f o r  
g raz ing  animals w a s  in t roduced  by Reid ( ~ e i d ,  Woolfolk, Richards ,  
Loos l i  , Turk, M i l l e r ,  and Blaser  , 1949 ; Reid,  Woolfolk, R i c h a d s  , 
Kaufman, Loos l i  , Turk, M i l l e r ,  and Blaser  , 1950) .  S p e c t r a l  
examination of  acetone e x t r a c t s  of t h e  forages  s t u d i e d  and. t h e i r  
corresponding f e c a l  products  r e v e a l e d  t h a t  some chromogen(s) 
absorbing l i g h t  a t  406 mp was completely r ecove rab le  i n  the Peeps.  
The pigments have been i d e n t i f i e d  as most ly ch lorophyl l s  and t l i c  j iA 
degrada t ion  products  , c h i e f l y  pheophytins ( smar t ,  Shenrood ., I.i"zt:+o:~e 
and Wise, 1953) .  Recovery averaged 100.5% (94.4 - 106.2%) i n  
s t u d i e s  wi th  sheep and c a t t l e  ( ~ e i d  -- e t  a l . ,  1950) .  Data on d i g c s -  
t i b i l i t y  and dry  m a t t e r  consumption a s  der ived  by t h e  chromogen 
r a t i o  method were i n  c l o s e  agreement w i th  t h o s e  de r ived  by t h e  
convent iona l  method. 
Cook and H a r r i s  (1951) compared t h e  l i g n i n  and t h e  chromcs.>n 
r a t i o  methods f o r  determining consumption and d i g e s t i b i l i t y  o f  
forage  by sheep. The c o e f f i c i e n t  of v a r i a t i o n  f o r  d i g e s t i b i l i t y  
among animals was much sma l l e r  by t h e  l i g n i n  than  by t h e  ehroxio~en 
de termina t ions .  It w a s  concluded t h a t  t h e  chromogen method, ali :-Lough 
s a t i s f a c t o r y  f o r  a l f a l f a  was not  s u i t e d  f o r  determining d iges-  
t i b i l i t y  o f  w i n t e r  range f o r a g e ,  s i n c e ,  i n  some c a s e s ,  t h e r e  
was cons iderable  l e s s  chroxnogen recovered i n  t h e  f e c e s  t han  
a c t u a l l y  consumed. L a t e r ,  Kane -- e t  a l . (1953) obta ined  comparable 
d i g e s t i b i l i t y  c o e f f i c i e n t s  w i t h  a s t anda rd  10-day consumption- 
e x c r e t i o n  method and t h e  chromic oxide  and chromogen r a t i o  tech-  
n iques  when c a l c u l a t e d  wi th  both  t h e  t o t a l  c o l l e c t i o n  samples and 
t h e  averages of 3 days '  p a r t i a l  c o l l e c t i o n  (g rab )  samples.  
I n  1952 Reid,  Woolfolk, Hardison, Mar t in ,  Brundage, and 
Kaufman s t a t e d  t h a t  t h e  use  o f  t h e  chromogen method a s  suggestea 
by Reid -- e t  a l . (1950) i s  f e a s i b l e  only  under condi t ions  i n  which 
t h e  samples of  f eed  obta ined  f o r  a n a l y s i s  t r u l y  r e p r e s e n t  t h e  
f e e d  consumed by t h e  animals ,  a s i t u a t i o n  t h a t  e x i s t s  on ly  i n  
t r i a l s  i n  which hand-feeding i s  p r a c t i c e d .  
Conventional d i g e s t i o n  t r i a l s  were conducted i n  which c l l r73cd ,  
whole fo rages  of d i f f e r e n t  b o t a n i c a l  composition and of var ious  
s t a g e s  of growth were hand-Ted. The r e l a t i o n s h i p  between tk-e 
chromogen/dry m a t t e r  r a t i o  of t h e  f eces  and t h a t  of  t h e  fo rage  
consumed was e s t a b l i s h e d  mathematically by t h e  equat ion : 
Y = (9.9025 X + 137.3 Log X )  - 242.12; where Y = u n i t s  o f  chro17ro~e?i/;; 
of forage  (dry  b a s i s ) ,  and X = u n i t s  of chromogen/g of feces (ci?-!? 
b a s i s  ) . The s tudy  inc luded  18  p a s t u r e  fo rage  mixtures  r a n z i r i ~  ~n 
dry m a t t e r  d i g e s t i b i l i t y  from 51.6 t o  74%. This  relations1;ip all_o-c?cc? 
t h e  circumvention of  t h e  manual sampling of forage,  as it i ~ ~ a s  found 
t h a t  t h e  chromogen concen t r a t ion  o f  t h e  fo rage  could b e  predi e t cd  
from a knowledge of t h e  f e c a l  chromogen l e v e l .  kromogen eonccn- 
t r a t i o n  s o  es t imated  can b e  used i n  t h e  u s u a l  r a t i o  technique  
f o r - d e t e r m i n a t i o n  of  d i g e s t i b i l i t y  o f  consumed fo rage  under 
condi t ions  of g raz ing .  These i n v e s t i g a t o r s  a l s o  suggested an 
a l t e r n a t e  procedure f o r  t h e  d i r e c t  computation of d i g e s t i b i l i t y  
from &he chromogen concen t r a t ion  of  t h e  f e c e s  by t h e  equat ion:  
Y = 32.74 + 0.0168 X + 8.47 Log X ;  where Y = % of  dry  ma t t e r  
d i g e s t e d ,  and X = u n i t s  o f  chromogen/g o f  f eces  (dry  b a s i s ) .  
The c o e f f i c i e n t  of c o r r e l a t i o n  between d i g e s t i o n  c o e f f i c i e n t s  
computed from t h i s  r e l a t i o n s h i p  and t h o s e  der ived  from t h e  con- 
v e n t i o n a l  d i g e s t i o n  t r i a l  was 0.96.  
This  chromogen formula and t h e  chromic oxide  r a t i o  were 
found by Kane -- e t  a l . (1953) t o  compare favorably  w i t h  t h e  s t a n d ~ r d  
t o t a l  c o l l e c t i o n  procedure i n  p r e d i c t i n g  n u t r i e n t  d i g e s t i b i l i t y  Sn 
cows. L a t e r ,  Lancas te r ,  and Bartrum (1954) found t h a t  t h e  fi:ezl~od 
of a n a l y s i s  f o r  chromogen a s  suggested by Reid -- e t  a l . (1952 j eou 1 ? 
be  a  source  of e r r o r  i n  u s ing  t h i s  m a t e r i a l  a s  an i n t e r n a l  n a r k e r ,  
They suggested t h a t  i n  order  t o  o b t a i n  r ep roduc ib l e  e s t ima te s  of 
t h e  mixed chromogens i n  ace tone  e x t r a c t s  of  f e c e s ,  l i g h t  sllould 7se 
excluded bo th  dur ing  and a f t e r  e x t r a c t i o n  and obse rva t ion  of  o p v i c a l  
d e n s i t y  should  be  made w i t h i n  6 hours from t h e  p repa ra t ion  of  ti?:: 
e x t r a c t .  
Feca l  Nitrogen 
B lax te r  and Mi tche l l  (1948) showed t h a t  f e c a l  n i t rogen  excretior 
was r e l a t e d  t o  dry  ma t t e r  consumption. Gallup and Briggs (l914?1) su;;-- 
ges t ed  t h a t  t h e  feed  consumption of  graz ing  animals could be de-Ler- 
mined by t a k i n g  advantage o f  t h e  r e l a t i o n s h i p  between f e c a l  ni t ra;en 
e x c r e t i o n  and dry  ma t t e r  i n t a k e .  Raymond (1948) r epo r t ed  t h a t  
I 
n i t r o g e n  concen t r a t ion  i n  t h e  f eces  of  sheep was r e l a t e d  t o  
t h a t  of  t h e  g r a s s  consumed and l a t e r  Lancaster  (1949) poin ted  
out  t h a t  f e c a l  n i t r o g e n  concen t r a t ion  was r e l a t e d  t o  t h e  diges-  
t i b i l i t y  of  fo rage .  Forbes (1949) poin ted  ou t  t h a t  t o t a l  f e c a l  
n i t r o g e n  v a r i e s  t o o  widely t o  b e  of  p r a c t i c a l  u s e  i n  t h e  manner 
suggested by Gallup and Briggs . Lancaster  (1949) d iv ided  t h e  
fo rages  i n t o  two c l a s s e s  based on t h e i r  p r o t e i n  con ten t s  i n  
u s ing  f e c a l  n i t rogen  as an i n d i c a t o r  o f  d i g e s t i b i l i t y  i n  graz ing  
animals.  He found t h a t  t h e  n i t r o g e n  excre ted  i n  t h e  f e c e s  per 
u n i t  i n t a k e  of  p a s t u r e  o rgan ic  m a t t e r  was cons tan t .  This  rela- 
t i o n s h i p  provided a means f o r  measuring organic  ma t t e r  d iges-  
t i b i l i t y  i n  herbage according t o  t h e  formula:  organic  m a t t e r  
d i g e s t i b i l i t y  c o e f f i c i e n t  ( = 100 ( 1  - ;) where C i s  a  cons tan t  
and N i s  % of n i t rogen  i n  t h e  ash- f ree  f e c e s .  Based on da t a  Praa 
52 d i g e s t i b i l i t y  t r ials  w i t h  sheep r epor t ed  from widely d ispersed  
c e n t e r s  i n  New Zealand, C was found t o  be  0.83 - + 0.102 g  n i t rogcn  
per  100 g  of  pas tu re  organic  m a t t e r  consumed provided t h a t  t h e  
p r o t e i n  content  of  t h e  p a s t u r e  consumed was not  l e s s  t h a n  15%.  
Fur the r  c a l c u l a t i o n s  based on t h e  d a t a  from another  1 0 1  digest:-- 
b i l i t y  t r i a l s  r e p o r t e d  from d i f f e r e n t  p a r t s  of t h e  world showed 
t h a t  C was equal  t o  0.80 - + 0.081 and 0.67 - + 0.120 when t h e  p r 0 t e . i ~  
con ten t s  of  t h e  p a s t u r e  consumed were 15% o r  more and below 15%- 
r e s p e c t i v e l y .  Forbes (1949) considered t h i s  a s  an  improvemenl 
over t h e  method of Gallup and Briggs (1948) s i n c e  it recognizes  
t h a t  t h e  fo rage  p r o t e i n  l e v e l  may have some e f f e c t  on t h e  arnounl, 
of f e c a l  n i t rogen  per  u n i t  of d ry  ma t t e r  i n t a k e .  Forbes (1949) ,  
however, s t i l l  c r i t i c i z e s  Lancaster  's method because a sha rp  
break  i n  t h e  r e l a t i o n s h i p  between f e c a l  n i t rogen  and organic  
ma t t e r  i n t a k e  i s  no t  expected.  He (1950) proposed t h e  u s e  of 
p r o t e i n  as an i n d i c a t o r  of  p a s t u r e  fo rage  d i g e s t i b i l i t y  but 
concluded t h a t  h i s  method may b e  used wi th  a s a t i s f a c t o r y  de- 
g r e e  o f  accuracy f o r  t h e  de te rmina t ion  of  d i g e s t i b i l i t y  of  dry 
m a t t e r  by g raz ing  s t e e r s  and no t  lambs. Forbes '  formula t o  
c a l c u l a t e  p r o t e i n  d i g e s t i b i l i t y  i n  c a t t l e :  P r o t e i n  d iges t i . b i l_ i ty ,  
% = 100 - % in X [ l o 0  - 42.64 ( %  p r o t e i n  i n  feed - % p r o t e i n  i n  f eces  
- 
5%)0'2148] ,as l a t e r  used by Kane -- e t  a l . (1953) i p  a comparison 
involv ing  t h e  t o t a l  c o l l e c t i o n  method, t h e  chromic oxide  r a t i o ,  
and Reid ' s  chromogen formula ( ~ e i d  -- e t  a l . ,  1952)  t o  determine 
n u t r i e n t  d i g e s t i b i l i t y  and d ry  ma t t e r  consumption of  fo rage  by 
g raz ing  c a t t l e .  These workers concluded t h a t  t h e  de te rmina t ion  
of  d i g e s t i b i l i t y  by chromic oxide r a t i o s ,  by chromogen forr.nula,, 
l 
and by t h e  p r o t e i n  formula i s  equa l ly  Ga l id  w i t h  s t anda rd  - to t a l  
c o l l e c t i o n  procedure. They a l s o  i n d i c a t e d  t h a t  t h e  simultaneous 
u s e  o f  two d i g e s t i b i l i t y  i n d i c a t o r s  (one i n t e r n a l  and one e x t e r n a l )  
g ives  e x c e l l e n t  r e s u l t s  i n  measuring bo th  dry m a t t e r  conswnpti-orr 
and d i g e s t i b i l i t y  of fo rage  by graz ing  animals .  
L a t e r ,  Lancas te r  (1954) developed a  l i n e a r  equat ion  f o r  c a t t l e  : 
Y = X + 0 .9 ,  where Y = f eed / f eces  o rgan ic  ma t t e r  r a t i o  and X = fecal 
n i t r o g e n  (d ry  b a s i s ) .  I n  view o f  t h e  c r i t i c i s m  of h i s  method by 
Forbes (1949 ) and 1Joolfolk , Richards , Kaufman , Mart in ,  and Reld 
(1950) ,  Lancaster  showed t h a t  t h e  method l e a d s  t o  e s t ima t ions  of 
i n t a k e  of  s u f f i c i e n t  accuracy f o r  a wide v a r i e t y  o f  purposes and 
t h e  dependence of t h e  method on a  r e l i a b l e  and simple chemical 
e s t ima t ion ,  l i k e  t h a t  of n i t rogen ,  makes it much more s a t i s -  
f a c t o r y  f o r  l a rge - sca le  f i e l d  work than  o the r  methods such as  
t h o s e  based on chromogen o r  l i g n i n  which have y ie lded  more 
p r e c i s e  es t imates  i n  c l o s e l y  con t ro l l ed  d i g e s t i b i l i t y  t r ia3 .s .  
L a t e r ,  Kennedy, C a r t e r ,  and Lancaster (1959) found t h a t  
t h e  evidence s t rong ly  favors  use o f  a  quadra t ic  o r  logar i thmic  
r eg ress ion  formula r a t h e r  than  a  l i n e a r  one a s  proposed by 
Lancaster  (1954). The "best" formula f o r  t h e  p r e d i c t i o n  of the 
f eed l feces  organic mat ter  r a t i o  (Y) were: 
Y = 10.57 l o g  X2 - 1.74 - + 0.32 (7.8%) 
y = 10.34 l o g  X3 - 1.33 + 0.35 (8 .4%)  
- 
Y = 3.81 l o g  X + 2.24 + 0.44 (10.6%) 1 - 
Y = 7.96 10.g x, + 1.06 l o g  X, - 0.82 - + 0.31 (7.4%) 
where X and X measure f e c a l  n i t rogen  i n  undried and d r i e d  feccs  , 2 3  
r e s p e c t i v e l y ,  and X measures f e c a l  pigments a t  415 m u .  Each 1 
equat ion  i s  followed by t h e  s tandard  dev ia t ion  and t h e  c o e f f i c i e n t  
of v a r i a t i o n .  It was found t h a t  t h e  formula proposed by Reid -- et 21, 
(1952) was i n  genera l  not  s a t i s f a c t o r y  f o r  p red ic t ing  d ry  mat ter  
d i g e s t i b i l i t y  from f e c a l  pigment concent ra t ions  i n  37 consecutive 
weekly t r i a l s  with cows fed  cut  pas tu re  herbage. For e ~ t i m a t i n ~ y  the 
f eed l feces  organic mat ter  r a t i o ,  f e c a l  n i t rogen (wi th  a  p r e d i c t i o n  
e r r o r  of 8%) provided a  more r e l i a b l e  index than  f e c a l  pigments 
e r r o r ,  1 % .  However, t h e  use  of f e c a l  pigments i n  add i t ion  t o  
f e c a l  n i t rogen  l e d  t o  a  smal l  bu t  s i g n i f i c a n t  reduct ion  i n  the error 
of p r e d i c t i o n  ( t o  7%) .  The e f f e c t s  of spec ies  and seasonal  
v a r i a t i o n s  on t h e  r eg ress ion  of d i g e s t i b i l i t y  on f e c a l  n i t rogen  
concent ra t ion  have been s tud ied  eo am bourne e t  a l .  , 1962, 1963; 
Langlands -- e t  a l . ,  1963) .  The d i f f e r e n t  equat ions obtained by 
d i f f e r e n t  i n v e s t i g a t o r s  under d i f f e r e n t  condi t ions  demonstrate 
t h e  n e c e s s i t y  f o r  us ing  a  r eg ress ion  obtained underc the  s p e c i f i c  
condi t ion  of t h e  s tudy.  
The a c i d  s o l u b l e  f e c a l  f r a c t i o n  (ASFF) 
The f e c a l  index method as  descr ibed  i n  t h e  foregoing d i s -  
cuss ion  has been c r i t i c i z e d  by Owen (1961) on t h e  grounds t h a t  
r eg ress ion  equations developed a t  one l e v e l  of i n t a k e  indoors 
a r e  app l i ed  t o  s t u d i e s  of  graz ing  animals a t  d i f f e r e n t  l e v e l s  of 
in t ake .  An a l t e r n a t e  procedure was t h e r e f o r e  suggested Poi- 
es t imat ing  t h e  dry  mat ter  i n t a k e  of grazing animals.  He reported. 
from s t u d i e s  wi th  sheep t h a t  a  p a r t i c u l a r  f r a c t i o n  of t h e  f e c e s ,  
r e a d i l y  d issolved by t rea tment  wi th  d i l u t e  a c i d ,  was c lose ly  re-  
l a t e d  t o  t h e  i n t a k e  of dry ma t t e r .  To determine t h i s  f e c a l  frac--  
t i o n ,  f eces  were q u a n t i t a t i v e l y  c o l l e c t e d  and 1 g of t h e  ground 
d r i e d  f eces  was allowed t o  s t and  i n  150 m l  of 0 .2  N hydrocbiorie  
ac id  f o r  1 8  hours a t  room temperature.  Af ter  f i l t e r i n g  through a 
paper d i s c  i n  a  Gooch c r u c i b l e ,  t h e  amount of t h i s  d isso lved f e e a l  
f r a c t i o n  was determined and t h e  t o t a l  d a i l y  production calcula"cc-.d, 
From f u r t h e r  s t u d i e s  involving a  range of f eeds ,  inc luding i"resi7 
and d r i ed  herbage, f e d  a t  d i f f e r e n t  l e v e l s  of i n t a k e  t o  eves and 
wethers ,  it was found t h a t  f o r  eleven of t h e s e  f e e d s ,  inc luding 
grass-clover  mixtures ,  t h e  r e l a t i o n s h i p  between d a i l y  iiry matter. 
in take  and t h e  d a i l y  dissolved f e c a l  f r a c t i o n  output i n  grams 
can be expressed by t h e  following equation: 
Y = 250 + 17.8  X ,  where Y = dry matter  i n t a k e ,  ( g ) ,  and 
X = dissolved f e c a l  f r a c t i o n  output ,  ( g ) .  For two other  l e g m e  
feeds ,  lucerne  and a clover mixture,  t h e  author repor ted  t h a t  
t h i s  f e c a l  f r a c t i o n  output was h igher  than t h a t  f o r  grass  and 
grass-legume mixtures a t  comparable l e v e l s  of dry-matter in take ,  
bu t  no da ta  was given. 
After  analyzing t h e  da ta  s t a t i s t i c a l l y ,  it was found t h a t  
only 2 - 3% e r r o r  was associa ted  with t h i s  procedure when using 
f i v e  animals o r  more per group and Owen (1961),  t h e r e f o r e ,  
recommended t h a t  it should be  s u i t a b l e  f o r  est imating t h e  f r e e  
grazing in take  of  sheep without t h e  need t o  develop separa te  
" local"  regress ions  f o r  each type of sward grazed. 
This method has been f u r t h e r  evaluated by Langlands and 
Corbett (1964) i n  s t u d i e s  with sheep and c a t t l e .  The r e l a t i o n -  
s h i p  between d a i l y  dry matter  in take  (Y)  and d a i l y  excre t ion of  
t h e  ac id  so lub le  f e c a l  f r a c t i o n  (xl) both measured i n  g i n  shee l  
was : 
The 95% confidence limits f o r  t h e  regress ion c o e f f i c i e n t  inelud2d 
t h e  value of 17.8  used by Owen (1961). When t h i s  value was adopted, 
t h e  r e l a t i o n s h i p  became : 
The in te rcep t  i n  t h i s  equation (465g) i s  much higher than t h e  vslue 
of 250 g reported by Owen (1961). 
These l i n e a r  r e l a t i o n s h i p s  were c r i t i c i z e d  by Langlands 
and ,Corbett (1964) on t h e  grounds t h a t  they imply no ASFF 
excre t ion  a t  in t akes  of l e s s  than 512 g  (equation 1) o r  465 g  
(equation 2 )  dry  mat ter  per  day. A logar i thmic  form was, 
t h e r e f o r e ,  , . proposed f o r  t h i s  r e l a t i o n s h i p  by t h e s e  workers 
combining observations of both  sheep and c a t t l e :  
Y2 = 1.6734 + 0.907 X 2 ,  where Y 2  = loglO d a i l y  dry mat ter  
i n t a k e ,  g  , and X2 = loglo d a i l y  ASFF excre t ion ,  g. When t h e  
r e l a t i o n s h i p s  f o r  sheep,  cows , and s t e e r s  were examined s e p a r a t e l y ,  
t h e  r eg ress ion  c o e f f i c i e n t s  could be  pooled, bu t  t h e  i n t e r c e p t s  
could not  ( P  < 0.001).  When t h e  r e l a t i o n s h i p  between t h e  in take  
f a c t o r  (100/100 - organic mat ter  d i g e s t i b i l i t y ,  t h i s  f actol- when 
mul t ip l i ed  by f e c a l  O.M. output gives O.M. i n t a k e )  and t h e  percent  
ASFF i n  t h e  dry matter  was examined, s i g n i f i c a n t  d i f f e rences  weye 
found when one pas tu re  was cu t  a t  d i f f e r e n t  seasons of t h e  year, 
when d i f f e r e n t  species  of  herbage were given a t  t h e  sane seasons 
of t h e  y e a r ,  and when sheep, s t e e r s ,  and cows were given t h e  s a w  
herbage. The p rec i s ion  of t h e  two i n d i c a t o r s ,  f e c a l  ni trogen an3 
ASFF was s tud ied  by comparing t h e i r  c o r r e l a t i o n s  wi th  t h e  intake 
f a c t o r .  The p rec i s ion  of  t h e  f e c a l  n i t rogen r e l a t i o n s h i p s  was 
s i m i l a r  t o  o r  g r e a t e r  than  t h a t  of t h e  ASFF r e l a t i o n s h i p s   able 
11). Langlands and Corbett (1964) concluded t h a t  t h e i r  s t u d i e s  
do not endorse Gwen's conclusions (1961) t h a t  t h e  ASFF would pr9- 
vide  a  f e c a l  index app l i cab le  t o  a wide range of herbage and aninlals 
and would overco1.e t h e  need t o  de r ive  s p e c i f i c  equations f o r  es?;i- 
mating i n t a k e  r e s t r i c t e d  t o  ind iv idua l  growths o f  herbage. Thcy 
found t h a t  even wi th  r e l a t i o n s h i p s  r e s t r i c t e d  t o  s i n g l e  growths, 
ASFF was l e s s  p r e c i s e  and l e s s  r e l i a b l e  than  t h e  f e c a l  n i t rogen  
technique . 
Methoxyl and Fiber  
Methoxyl i s  contained i n  l i g n i n  i n  a  f i rm attachment 
( ~ o g o z i n s k i  and S t  arzewska , 1927 ; P h i l l i p s ,  Weihe , Jones , and 
Csonka, 1929 ; P h i l l i p s ,  1934) and t h e  methoxyl and l i g n i n  contents  
of p l a n t s  inc rease  a s  t h e . p l a n t s  mature ( ~ h i l l i ~ s  and Goss, 1935; 
P h i l l i p s ,  Goss , Davis, and Stevens ,1939; Forbes and Garr igus ,  1950 ; 
Ely , Kane, Jacobson, and Moore, 1953) .  Attempts have,  t h e r e f o r e ,  
been made t o  use  methoxyl groups a s  a  d i g e s t i b i l i t y  index i n  forage 
evalua t ion  e s p e c i a l l y  s i n c e  methoxyl i s  a  more c l e a r l y  def ined  
chemical e n t i t y  and i s  more e a s i l y  measured than  l i g n i n  ( ~ i e h ~ v ~ s  
and Reid, 1952; Ely e t  a l . ,  1953; Richards and Weaver, 1957; Al?"4i-ioriy 
and Reid,  1958) .  Richards and Reid (1952) found i n  a  s tudy w i t b ,  
t h r e e  d i f f e r e n t  growth s t a g e s  of  pas tu re  herbage t h a t  t h e  2 i g e s z i b i l l t y  
of forage d ry  mat ter  was nega t ive ly  c o r r e l a t e d  wi th  t h e  amount of" Iig- 
n i n  (-0.99) and of methoxyl (-0.99) i n  t h e  forage consumed by s t c c r s ,  
When f e c a l  l i g n i n  and f e c a l  methoxyl contents  were c ~ r r e l a t ~ e d  w i t h  dry 
ma t t e r  d i g e s t i b i l i t y ,  t h e  r e s p e c t i v e  c o r r e l a t i o n  c o e f f i c i e n t s  w y r e  
-.097 and 0.43. I n  another  s tudy ,  Richards and Weaver (1957) reported 
a  lower negat ive  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  r e l a t i o n s h i p  betveen 
dry ma t t e r  d i g e s t i b i l i t y  and methoxyl content  of t h e  f eces  (-0.73) 
This i s  s i m i l a r  t o  t h e  c o r r e l a t i o n  c o e f f i c i e n t  of -0.74 r epor t ca  f o r  
c a t t l e  by Anthony and Reid (1958) from 107 observat ions  obtained f ron  
d i g e s t i b i l i t y  t r i a l s  w i t h  t h r e e  forages  of d i f f e r e n t  b o t a n i c a l  compo- 
s i t i o n  which were harves ted  a t  d i f f e r e n t  s t ages  of  ma tu r i ty*  
These authors  concluded t h a t  t h e  a v a i l a b i l i t y  of more 
p r e c i s e  techniques such a s  t h e  chromogen method precludes 
wide use of f e c a l  methoxyl a s  an i n d i c a t o r  of  forage d i g e s t i -  
! 
b i l i t y .  They, however, suggested t h a t  f e c a l  methoxyl may be  
employed t o  screen  forages  d i f f e r i n g  markedly i n  d i g e s t i b i l i t y  
( ~ e i d ,  1962).  
A s tudy of t h e  c o r r e l a t i o n  between herbage d i g e s t i b i l i t y  
and t h e  f i b e r  content  of t h e  f eces  was suggested by Raymond 
(1949 ) . L a t e r ,  Richards and Reid (1953) poin ted  out  t h a t  t h e  
f e c a l  content  of crude f i b e r  i s  c o r r e l a t e d  wi th  herbage d i g e s t i -  
b i l i t y .  The use of "macerate crude f i b e r "  a s  a f e c a l  i n d i c a t o r  
was proposed by Raymond, Kemp, Kemp, and Harr i s  (1954) who estab-  
l i s h e d  l i n e a r  r eg ress ion  based on d a t a  from 40 herbage feeds 
r e l a t i n g  d i g e s t i b i l i t y  and f e c a l  content  of "macerate crude fiber" . 
These authors  suggested t h a t  "macerate crude f i b e r "  could be  us22 
alone as  a f e c a l  i n d i c a t o r  o r  i n  combination with chromogen i n  s 
mul t ip le  r eg ress ion  t o  improve t h e  p rec i s ion  of t h e  chromogen 
method. L a t e r ,  "normal-acid f i b e r "  was proposed a s  a f e c a l  index 
f o r  t h e  es t imat ion  of herbage d i g e s t i b i l i t y  (walker and Hejiburn, 
1955 ; Raymond, Jones ,  and H a r r i s ,  1955; G r i f f i t h  and Thomas, 1955) 
Raymond -- e t  a l .  (1955) found t h a t  t h e  c o r r e l a t i o n  c o e f f i c i e n t  between 
f e c a l  "normal-acid f i b e r "  and organic mat ter  d i g e s t i b i l i t y  of  
herbage was -0.93, bu t  t h e  r e l a t i o n s h i p  d i d  not  apply t o  a l l  type 
of herbage. 
The fol lowing d i scuss ion  i s  an at tempt t o  g ive  a summa.rized 
evaluat ion  o f  i n t e r n a l  markers. Conner, Bohman, Lesperance, 
and Kinsinger (1963) and Ridley,  Lesperance, Jensen ,  and Bohman 
(1963) concluded t h a t  t h e  chromogen technique was more r e l i a b l e  
than  t h e  l i g n i n  method f o r  t h e  determinat ion of  apparent d i g e s t i -  
b i l i t y  and forage  i n t a k e  of range c a t t l e .  McCullough (1959) 
noted t h a t  t h e  v a l i d i t y  of t h e  chromogen method f o r  t h e  measure- 
ment of i n d i g e s t i b i l i t y  has been supported by numerous conven- 
t i o n a l  d i g e s t i o n  t r i a l s  wi th  both  c a t t l e  and sheep and t h a t  t h e  
s i m p l i c i t y  and accuracy of t h i s  technique make it t h e  technique 
of choice i n  d i g e s t i b i l i t y  t r i a l s  wi th  most fo rages .  Raymond, 
Kemp, Kemp, and Harr i s  (1954) and Kennedy e t  a l .  (1959) , however, 
--
showed t h a t  f e c a l  n i t rogen  was a  more s a t i s f a c t o r y  i n d i c a t o r  i n  
p red ic t ing  dry matter  d i g e s t i b i l i t y  than  chromogen. Since t h e  
marker r a t i o  technique i s  p r e f e r r e d  t o  t h e  f e c a l  index method, 
chromogen was e a r l i e r  considered a  b e t t e r  i n d i c a t o r  than  f e c a l  
n i t rogen  because it (chromogen) can be  used i n  t h e  r a t i o  techriique 
(because it i s  e s s e n t i a l l y  i n d i g e s t i b l e )  x h i l e  f e c a l  n i t rogen had 
t o  be  used only i n  t h e  f e c a l  index method which r equ i re s  t h e  eslrzb- 
lishrnent of r eg ress ion  equations p r i o r  t o  t h e  s tudy under g r a z i ~ g  
condi t ions .  L a t e r ,  Reid e t  al. (1952) found t h a t  t h e  use  of the 
--
chromogen r a t i o  technique i s  f e a s i b l e  only i n  t r i a l s  i n  which hand- 
feeding i s  p rac t i ced .  Based on d a t a  a v a i l a b l e  by Smith and Reid 
(1955) and by Kennedy -- e t  a l . (1959) and u n t i l  a  b e t t e r  i n d i c a t o r  
i s  found f o r  d i g e s t i b i l i t y  s t u d i e s  wi th  graz ing  animals ,  t h e  use  of  
e i t h e r  i n d i c a t o r ,  chromogen o r  f e c a l  n i t rogen ,  i n  t h e  f e c a l  index 
method i s  equal ly  v a l i d .  Kennedy e t  al. (1959) has suggested t h a t  
--
t h e  use of t h e  two i n d i c a t o r s  combined increased  t h e  accura.cy. 
The ac id  so lub le  f e c a l  f r a c t i o n  (owen, 1961) i s  another  
i n d i c a t o r  f o r  use  under grazing condi t ions  i n  t h e  f e c a l  index 
method. Since t h e  two r e p o r t s  a v a i l a b l e  on t h e  use  of t h i s  
i n d i c a t o r  show c l e a r  con t rad ic t ion  regarding  i t s  p r e c i s i o n ,  
f u r t h e r  work inc luding d i r e c t  comparisons wi th  t h e  chromogen 
and f e c a l  n i t rogen  method i s  requi red  t o  v e r i f y  i t s  use fu lness ,  
The use  of s i l i c a ,  l i g n i n ,  methoxyl, and f i b e r  a s  i n t e r n a l  
markers should be  minimized u n t i l  b e t t e r  methods t o  J u s t i f y  
t h e i r  use become a v a i l a b l e .  When l i g n i n  i s  used i n  s t u d i e s  of 
d iges t ion  i n  t h e  rumen, i t s  recovery should b e  confirmed. 
APPLICATIONS 
The v a r i e t y  of information provided by markers i n  n u t r i -  
t i o n a l  s t u d i e s  inc ludes :  ( a )  t h e  amount of food o r  s p e c i f i c  
n u t r i e n t  ea t en ;  ( b )  t h e  ex ten t  of passage;  ( c )  t h e  r a t e  of 
passage of i n g e s t a  through a l l  o r  any p a r t  of t h e  al imentary 
t r a c t ;  ( d )  t h e  d i g e s t i b i l i t y  of a l l  o r  p a r t  of t h e  food;  and. 
( e )  t h e  u t i l i z a t i o n  of n u t r i e n t s  o r  food i n  a ba lance  s tudy.  
These a r e  discussed here .  The s p e c i a l  techniques used t o  
determine consumption and d i g e s t i b i l i t y  of forage  by grazing 
animals a r e  presented  s e p a r a t e l y .  The use of markers f o r  
determinat ion of t h e  volume of aqueous media ( e . g . ,  rurnen 
con ten t s )  i s  discussed a t  t h e  end of t h i s  s e c t i o n .  
FOOD INTAKZ 
Excepting t h e  u.se of markers t o  determine t h e  amount of 
forage  ea ten  by grazing animals ,  d i e t a r y  markers have been 
l i t t l e  used t o  determine t h e  amount of food i n t a k e  of animals 
o r  humans. The inexac t  s t a t u s  of t h e  usua l  d i r e c t  and in -  
d i r e c t  methods f o r  evalua t ing  food i n t a k e  i n  humans sugges ts  
t h a t  d i e t a r y  markers might p lay  a r o l e  i n  f u t u r e  s t u d i e s  f o r  
evalua t ing  food in t ake .  It i s  i n t e r e s t i n g  t h a t  even when a 
small  group of persons i s  completely i s o l a t e d  a s  i n  s imulated 
a s t ronau t  cond i t ions ,  t h e  records  of  food i n t a k e  may be f a r  
from 100% accura te  and open t o  ques t ion .  Since t h e r e  a r e  o the r  
t imes when it i s  v i r t u a l l y  impossible f o r  food i n t a k e  t o  be  
monitored e x a c t l y ,  i . e . ,  t h e  d i e t  of a s t ronau t s  during space 
f l i g h t s ,  a new method f o r  evalua t ion  of  d i e t  i n t a k e  i s  proposed 
based upon t h e  use of n u t r i e n t  i n d i c a t o r s  f o r  each nu t r i en t  t o  
be s tud ied .  We a r e  i n  t h e  process of evalua t ing  t h i s  method. 
The n u t r i e n t  u t i l i z a t i o n  system would make use of i n e r t  
markers f o r  t h e  determinat ion of t o t a l  food o r  a given n u t r i e n t  
i n t a k e  i n  a manner comparable t o  t h a t  which has been used t o  
s tudy t h e  food d i g e s t i b i l i t y  of grazing animals.  The marker t o  
b e  used would be added t o  t h e  d i e t  i n  t h e  r a t i o  predetermined 
f o r  e i t h e r  t h e  t o t a l  quan t i ty  of food o r  any given n u t r i e n t  which 
it i s  d e s i r a b l e  t o  fo l low,  i . e . ,  p r o t e i n ,  f a t  o r  carbohydrate,  
The t o t a l  f e c a l  output  would be determined d i r e c t l y  i f  poss ib le  
by q u a n t i t a t i v e  c o l l e c t i o n  o r  i n d i r e c t l y  by t h e  use  of markers.  
Analysis f o r  t h e  marker q u a n t i t y  i n  t h e  f eces  w i l l  allow calcu- 
l a t i o n  of t h e  q u ~ n t i t y  of t h a t  n u t r i e n t  inges ted  and inforination 
could be  obtained t o  allow c a l c u l a t i o n  of d i g e s t i b i l i t y  of e i t h e r  
t h e  complete d i e t  o r  any n u t r i e n t  of t h e  d i e t .  This propo- 
s i t i o n  faces  one major challenge regarding t h e  proper mixing 
of minute amounts (e.g. , ppm o r  ppb) of t h e  se lec ted  marker 
wi th  var ious  foods t o  g ive  a uniform nutrient/marker (o r  
f ood/marker ) r a t i o .  Today ' s advancing technology should be 
a b l e  t o  provide a s a t i s f a c t o r y  so lu t ion  t o  t h i s  problem. 
Markers can a l s o  be used i n  a q u a l i t a t i v e  way t o  check 
on t h e  inges t ion of c e r t a i n  drugs. Riboflavin has been used 
as a marker f o r  checking on t h e  inges t ion of i son iaz id  p i l l s  
by tubercular  p a t i e n t s .  The consumption of i son iaz id  p i l l s  
containing 0.8 mg of r i b o f l a v i n  per kg of body weight pro- 
duced a ur inary  excre t ion of r i b o f l a v i n  exceeding t h e  normal 
l e v e l  even a t  t h e  end of t h e  twenty-fourth hour. When another 
p i l l  was taken on t h e  second day, t h e  l e v e l  of r ibof lav in  i n  
t h e  u r ine  continued t o  r i s e .  Analysis of ur ine  samples can, 
t h e r e f o r e ,  be used i n  t h i s  method t o  evaluate p a t i e n t s '  a b i l i t y  
t o  fol low a regu la r  program of drug therapy on an out-patient  
b a s i s  ( ~ o b b ~  and Deuschle , 1959 ; Deuschle, Jordahl ,  and Hobby, 
1960; Berry, Ross, and Deuschle , 1963; Nutr i t ion  Rev. , 1965)-  
The easy way f o r  t h e  determination of exact food intalie 
i n  experimental animals has not been very s a t i s f a c t o r y  i n  these  
reviewers opinion. I f  a metabolism cage with t h e  d i e t  compart- 
ment removed from t h e  main cage i s  not used, then one must con- 
tend with s p i l l a g e  of food i n t o  t h e  a rea  of t h e  feces  andlor t h e  
u r ine .  Separat ion of food from feces  i s  inexact  unless  hard 
p e l l e t s  a r e  voided. Unless t h e  animal i s  r e s t r i c t e d ,  most of che 
l abora to ry  animals w i l l  exh ib i t  coprophagy which should not 
be allowed i n  s t r i c t  observation of food in take  unless  t h i s  
m a t e r i a l  were a l s o  q u a n t i t a t i v e  before  it was inges ted .  A l l  
methods of r e s t r i c t i o n  a r e  open t o  some c r i t i c i s m  concerning 
t h e  physiological  and psychological s t a t e  of t h e  animal. Re- 
s t r i c t i n g  t h e  movement of r a t s  o r  mice has not r e s u l t e d  i n  
acceptable growth. Liquid d i e t s ,  p e l l e t e d  d i e t s  and d i e t  i n  
capsule o r  d i e t  which flows may be  introduced d i r e c t l y  v i a  
stomach tube  i n t o  t h e  stomach of animals. This allows exact 
measurement of t h e  quant i ty  of food and has been used exten- 
s i v e l y  by some i n v e s t i g a t o r s .  Some animals may r e g u r g i t a t e  
p a r t  of t h e  food and not allow s u f f i c i e n t  food t o  be given 
by stomach tube t o  allow growth and normal su rv iva l .  Another 
c r i t i c i s m  of t h i s  method i s  t h e  amount of manpower time in-, 
volved i n  feeding individual  animals on a d a i l y  b a s i s .  Feeding 
of animals o r  people through o r a l  o r  nasa l  tubes on a continuous 
b a s i s  has not been s a t i s f a c t o r y  and i s  not used extensively 
desp i t e  t h e  f a c t  t h a t  t h i s  could provide an exact ly  moni to~ed 
in take  . 
The method proposed f o r  l abe l ing  food t o  give an exact 
quant i ty  of food o r  any one n u t r i e n t  has not been experimentally 
worked out i n  animals. It has hereby been proposed f o r  animals 
and f o r  human work. 
Domestic o r  o the r  grazing animals can be  maintained i n  pens 
with measured Cood i n t a k e ,  u r i n e  and feces ,  a s  discussed above 
f o r  labora tory  animals. However, p r a c t i c a l  considerat ions present 
a g r e a t e r  challenge. How much forage does a grazing animal e a t  
i n  t h e  f i e l d  and what i s  t h e  d i g e s t i b i l i t y  of t h a t  ma te r i a l?  
Food consumption and d i g e s t i b i l i t y  s t u d i e s  i n  grazing animals 
have been so  c lose ly  i n t e r l i n k e d  t h a t  separa te  discussions 
would~involve  needless r e p e t i t i o n .  Therefore,  d iscuss ion of 
t h e  food in take  of grazing animals i s  deferred  t o  t h e  s e c t i o n  
e n t i t l e d  "Determination of t h e  Consumption and D i g e s t i b i l i t y  
of Forage by Grazing Animals". 
EXTENT OF PASSAGE 
Having determined q u a l i t a t i v e l y  (i .e. , t h a t  t h e  p i l l s  
prescr ibed were taken)  o r  q u a n t i t a t i v e l y  t h a t  m a t e r i a l  was 
inges ted ,  t h e  next procedure i s  t o  determine q u a l i t a t i v e l y  
t h a t  t h e  mate r i a l  d i d  pass through most o r  a l l  of t h e  a l i -  
mentary t r a c t .  C l a s s i c a l l y ,  t h i s  problem has been approached 
with markers t o  determine i f ,  as  wel l  as  when, ma te r i a l  i s  
passed completely through t h e  alimentary t r a c t .  The appearance 
of t h e  s t o o l  i t s e l f  i s  adequate evidence t h a t  complete blockage 
i s  not occurring.  Radioactive markers given t o  experimental. 
animals and radio-opaque m a t e r i a l  i n  genera l  use a r e  t o o l s  used 
t o  determine not only t h e  r a t e  of passage of inges ted  markers o r  
t h e  placement of t h e  bulk of t h e  marker a t  any given t ime,  but 
a l s o  whether t h e  mate r i a l  has stopped f o r  any reason. The bolus  
of d i g e s t a  may be stopped by a func t iona l  disturbance,  i . e .  , 
spasms, a t o n i c i t y  , atrophagia o r  dysphagia. O r  t h e  blockage m a y  
have an anatomical base ,  i . e . ,  d i v e r t i c u l a ,  c o n s t r i c t i o n s ,  vol- 
vulus ,  in tususept ion o r  o the r  obs t ruct ion.  
The common procedures a r e  t o  ingest  iodized o i l  or barium 
s u l f a t e  p r io r  t o  fluoroscopy o r  an x-ray photograph. Radio- 
elemeter capsules may a l so  be useful .  These procedures a re  
equally valuable and more frequently used f o r  r a t e  of passage 
s tud ies .  
PASSAGE OF INGESTA 
Terms used t o  describe t h e  passage of ingested material  
through t h e  digest ive  t r a c t  include t r a n s i t  t ime,  re ten t ion  
t ime, r a t e  of passage, r a t e  of flow, r a t e  of t ranspor t .  Re-. 
vised def in i t ions  of these  terms have been presented e a r l i e r  
i n  t h i s  review. From t h e  nu t r i t i ona l  viewpoint, t h e  t r a n s i t  
time of d iges ta  i s  one of t h e  important fac to rs  t h a t  determines 
t h e  eff ic iency of u t i l i z a t i o n  of a given amount of food; other 
important fac to rs  include t he  r a t e  of d igest ion,  t h e  nature of 
t h e  absorbed end-products of d igest ion,  and t h e  requirements of 
t he  animal ( ~ a l c h  and Campling, 1965). From the  physiological  
point of view, s tudies  of food passage have contributed t o  t h e  
understanding of t h e  nature of movements along t he  digest ive  
t r a c t  and t h e  influence of various drugs on these  movements. 
Mathematical models and analyses of food passage have been 
presented by Blaxter , Graham, and Waiman (1956) , Brandt and 
Thacker (1958), Marcus and Lengemann (1962)~ Hungate (1966j, and 
Sikov , Thomas , and Mahlum (1969 ) . 
Based on e a r l i e r  conclusions ( ~ a l c h ,  1950; Ph i l l ipson ,  1952;  
Piana, 1952) Blaxter , G r a h a m ,  and Wainman (1956) suggested t h a t  
t he  passage of ingesta  through t h e  digest ive  t r a c t  of ruminants be 
regarded as a k i n e t i c  process. The following model system 
rumen abomas urn duodenum feces 
where A ,  B ,  C ,  and R represent amounts of a un i t  of food i n  
t h e  compartments concerned. Results obtained using t h e  
s ta ined  p a r t i c l e  technique f i t t e d  a simple k ine t i c  equation 
with t h r ee  constants (kl, kg, y) . The subsequent manipulation 
of t h i s  equation permitted est imation of d iurnal  var ia t ion  i n  
feces production. However, d i r ec t  experimentation was not 
ca r r ied  out t o  show t h a t  these  constants ac tua l ly  represent 
events taking place i n  t h e  spec i f i c  pa r t s  of t h e  t r a c t .  
A model based on a hydraulic flow through two volumes 
i n  which 'complete mixing takes place was proposed by Brandt 
and Thacker (1958). Using radioact ive  chromic oxide (51~rg03 ) ,  
they showed t h a t  t h e  passage of d igesta  i s  an exponential 
function and t ha t  a s i ng l e  volume model with a s ing le  "half timeP' 
was su f f i c i en t  t o  describe t h e  flow of feed residues i n  the  
r abb i t .  For ruminants, however, a two-volume model with two 
ha l f  times was proposed. The equation describing t h i s  ruminant 
model is  e s sen t i a l l y  s imi la r  t o  t h a t  developed by Blaxter -- e t  al, 
(1956) a 
Hungate (1966) suggested a two pool model f o r  ruminants 
where t h e  coarse p a r t i c l e s  i n  t he  pool t o  be ruminated have not  
ye t  entered t h e  pool of mater ia l  leaving t he  rumen, but cons t i tu te  
a separate  pool which feeds it. The average r a t e  a t  which s m a l l  
p a r t i c l e s  leave t h i s  rumination pool i s  proportional  t o  t h e  
concentration of coarse pa r t i c l e s  i n  t h e  pool, and in'  conse- 
quence, t h e  passage from t h e  coarse t o  t h e  small p a r t i c l e  
pool follows t h e  k ine t i c s  of a f i r s t -o rder  react ion.  This 
precedes t h e  passage of t h e  comminuted-particle from t h e  
rumen liquid-small p a r t i c l e  pool i n t o  t h e  omasum. Total  
passage of i n i t i a l l y  l a rge  p a r t i c l e s  from the  rumen i s  thus 
t h e  r e su l t an t  of two sequent ia l  f i r s t -o rder  react ions .  This 
is i n  l i n e  with t h e  mathematical model suggested e a r l i e r  by 
Blaxter and associa tes  (1956). 
Several methods have been used t o  ca lcu la te  re ten t ion  
time of food residues i n  t h e  digest ive  t r a c t  or  c e r t a in  seg- 
ments of it. Balch (1950) used t h e  s ta ined p a r t i c l e  technique 
with cows and suggested t h e  "5% excretion time" as  a measure 
of t h e  time required fo r  food residues t o  t raverse  t h e  omasum, 
abomasum and i n t e s t i n e s  and t h e  i n t e r v a l  of time between ex- 
c re t ion  of 5 and 80% of the  pa r t i c l e s  as ind ica t ive  of t he  t i m e  
taken f o r  passage through t h e  ruminoreticulum. These excretion 
times a re  calculated from t h e  cumulative excretion curve ( ~ i ~ .  2) . 
The "mean re ten t ion  time1' was suggested by Castle (1956a) t o  
f a c i l i t a t e  comparison between d i f f e r en t  s tud ies .  Excretion curves 
fo r  t h e  marker a re  es tabl ished as  shown i n  Fig. 2. The "R" v a l ~ e  
which i s  d i r e c t l y  proportional  t o  t h e  a rea  t o  t h e  l e f t  of t h e  
curve was calculated by adding together t he  time of excretion from 
5 t o  95% a t  in te rva l s  of lo%, taken from t h e  graph, and dividing 
t h e  sume by LO. This value i s  taken as an a rb i t r a ry  measure of 
t h e  mean re te i i t io l i  t ime of t h e  marker i n  t h e  a l i r l en t a ry  ir-c-i 
A so~newhat similn?: term i s  tl1e "mean time" used by B l a x t e r ,  
Gralian, and \Jai  n~nann (1956) hihicl~ i s  c a l c u l a t e d  a s  t h e  sum ~ f "  
t imes  which i n d i v i d u a l  s t a i n e d  p a r t i c l e s  s2en t  i n  t h e  t r z c t  
d iv ided  by t h e  nuqber of  s t a i n e d  p a r t i c l e s  exc re t ed .  This  
va lue  may b e  sl i g h t l y  diff e r e ~ z t  from C a s t l e ' s  "mean r e t en t io r ]  
t ime" because it g ives  weighz t o  p a r t i c l e s  exc re t ed  beyond Ll lc  
95% e x c r e t i o n  t ime.  A comparable concept t o  t h a t  of B l a z i c r  
and a s s o c i a t e s  (1956) i s  t h e  "food dry  ma t t e r  po in t "  whiel~ x i -  
in t roduced  by i?l&elil ( 1956) .  
The use  of  a  s i n g l e  va lue  ( e . g .  , mean r e t e n t i o n  tinle o r  
mean t i m e )  was seen by Brandl; and 'Tiiacl~er (1958) as  inadequ,:l;c 
t o  descri'ue t h e  shape of t h e  fl.o.i.,r curve f o r  t h e  rum-inant. ':?lie;!.. 
sugigested t h a t  t h e  express ion  o:f t h e  ;ria~a!ne-Lei-:; as i7zl.f 
tl. coxieept i,.iiic!l i s  ess te r  to Gra.s;;,. The u::e of -t,~so h a L C  
Waf:  su;l:.;es';eil 'ug- these nuL!~o:*s 2:; a21 al-tc.yna-Live t o  3sPcLi':; 5 
80-5% exc re t ion  tiriles on t h e  ~rou .~zds  the't a. t ~ a o  vol.12ce m 
two h a l f  t imes providcs convcnicnce i n  h s n d l i  ng exper'  
and t h a t  ?3c2:Lc11' s mez3ures have no ma.thclnatical. b a s i s  . 
/I co;nparison of Bal.c!l's 5% a,nci 80-5$ exc re i ion  t i n e s ,  
mean re-tenti.011 t ime (I?), !3lx~-Ler and a s s c ~ c i n t e s '  near1 t i :nc,  ::.I!,' 
Bra.ncii; 3.11ci T h a c I ~ e ~ .  ' s t. and t 2s p.ea.su.res of ~ -e t e r ! t  j.0~1 ti:.![. 1 :i:- 1- 2 
beer] reportr:ci 1,; ::!1e3.lenlcre1-2a- and Kcsler  (1961) T J ' L ~ ~  i i s c d  i;)-!j? 
"mean re - ten t ion  1;ime" ant1 "me:~r~ ti.;neU. 
Another paranetex- t h z t  21x3  been used as an 5.lidi.cato1- of' 
r e t e n t i o n  t ime i s  t h e  turnover  t i n ? .  'Turnover t ime lias b e c ~  
der ined  by ilurlgate (1966) a s  t h e  t ime r equ i r ed  f o r  en t ra~icc .  
of an cuoun i~  o r  feed  equal  t o  i;ha"crep~-esenJced i n  t h e  rune:?, 
blarner (1966) used t h e  ten;: "rne3,n r e s idence  time" t o  1Iletin 
turnover  t ime.  Tliis was def ined  a s  t l ie average t ime spen t  
by a pa r t i e l - e  i n  t h e  raxen which ma:[ be  calcul .a ted as  t b e  
t ime needed f o r  t h e  rr~'~iber of p a . r t i c l e s  l eav ing  tl ie runell 
t o  equal  t h e  average number i n  t l ie rumen dur ing  -the per-i-od 
of obse rva t ion ,  provicied t h e r e  i s  no destl-u.ct,ion of  par-tic:!-: 
>;ithi11 t h e  riime~i. The turnover  t ime i s ,  tliere:f'ore, eq~,ize,l t:) 
L  he a-iernge i;i.n!e t h a t  par.t;icles of dfLges ta  ~'e;nain i.n t h e  ru:.ic::. 
, , I,{a.thcrnsti (21. si-~.?i;-s.i:; of i.!:e tu:r*novel- t i n e  11:;s been -pl-escni.!:.. 
b v  : iunxutr.  (j.966). ca:!cu].at- ii;r:-rover time 133' I j , ~ r ~ j ' ; : i j : : ' r :  
e:rua-t-iion, i;!?z f 'r:icti  on o-r -the o y i ~ i n x l  marker r.etziric6 j 11 t ? : ~  
animal a t  a,ny t i x e  is :plotted a g a i n s t  t ime aE?;e.i- consi::r::pJr,i.cil 
of i h e  ;:;larked iliel;, T'he . t~ l r !~o-~~;_ . r  ti!?rie i s  then  csl::illst,cc': 
the t imes  at i.,:iii.ch c e r t a i n  j ? ~ ~ ~ e l i ~ ~ r ' i i , , l ~ ~  0-r t h e  !narkex' ha-ge 
i l l  t l .1 e f cecs . IIunga.te c:?.l.cul.atec;l tu r~~o\ rc l . -  tj.~ile T I - ~ ~ I  C::.:;;il:. ' :, 
d a t a  (1356) obLained. ~ r i . t h  goa ts  usj.11g t h e  s t a i n e d  pa.r.ticle 
; -~ ique  on i:,l~e basi s of  5 and 95% ~ e t e n t i . o n  t imes .  'I 'urno~!e~ 
so  ob-Lai~:ed ar;reec! w i t h  C:t:;tle 's "mean r e t e n t i o n  t-irneT' . 'I1;:(? 
1 3 : i l f ' - l i  C'c nzy br- ar:ei?. 2s a,!? .indi.c?tcji- of' .i;l?c tul-nosre-r  ti.::^ 
i t i s  a-pl,-ro>: ;ma-tely 0,693 oi" t h e  I.ati;er. 1lunr;nte (1966) po i  1 1  i-r,: 
ou-!, t h a t  o:f t h e  va r ious  ptlrnme-ke~-r;, tul-nove~"t;in~e i s  !no::t i_:::~i':i: 
becau-se it j s  e a s i l y  r e l a t e d  t o  t h e  d a i l y  food i n t a k e ,  r a t e  o f  
food passage ,  and a~ loun t  of d i g e s t a  i n  t h e  r m e n .  
Passage of markers througli tlie varj.ous segments of t h e  
d i g e s t i v e  t r a c t  o:C' t h e  r a t  has been s t u d i e d  by Thompson and 
I i o l l i s  (1958) , !,?arcus and Lengemann (1962) , and Sikov - e t  -- a?. 
(1969) . !<lavcus and Lengemanii (3.962) used segrnental "transpo::t 
r a t e "  and segmental "ha l f  t imes" a s  measures of  t h e  passaze  of 
9 1 ~  through d i f f e r e n t  segments of t h e  t r a c t .  To acco-.plsl? ti15 3 ,> 
r a t s  Irere k i l l e d  a t  predeJcermined t ime i n t e i ~ ~ s l s  a f t e r  feed.jrg, 
and ilie percentage of t h e  9 1 ~  dose .resent i n  a p a r t i c u l a r  1 r . c ~ ~  
o f  t h e  d i g e s t i v e  tz-act was p l o t t e d  aga ins t  t ime f o r  each of' '11:- 
con:;ecutive alimec-tary segments ; each cul-ve was then  resolvei l  
i npu t  and o-u-tgo con2sne::ts. From t h e  input  c w v e s ,  s 
t r a n s i . t  1lal.i' -Ljni?s TTere  dcter-nincd. This val11.c is t i le  -t%:nc: ,-,; 
, , i.si.~ich cj?c--:il~j.li' nf i;:r;e (lone :I?gi; l e f t  t h e  se;;:::en$ r,ir,cc: i ~ r : , ~ ~  ,c: 
cine s e g i e n i  eqll,?.ls o.~.-i;;giu.l; T y o : ~  t j le  ~ j y ~ - ~ , ~ ~ - l '  -,,-,. 271:; !;r?:xne;lt. 
1 I Zbe foi-esoing 6iscu.ssion : ienonstrates  t h e  need for 3 :;-L:-:r-- 
derd  syste::; t o  e:i;press yeteni i .oa ti::,.- 0;' f'o:)d res: id~le in th.7 
;~li::le:i"Ly t r a c t  . If pass3ge i:i t h e  tz-zc'i :is i-ndeeci a:-L .?>:x>?--" 
nc-nti al. functi .on as  s!lgp;es-t.e:i by Branf i t  and lChacker (1.952) 
-Llze use of tlie "ha1.f trirriel' concept i s  -the s p c r o p - i a t e  Tf~s;.r i , ~  
express  -the . r a t e  o r  'chis passage.  To ~;i-e a colnpl.ei,e 
of YE:-Len1;ion t ime , lie propose t h e  fol!.~;:i.~z:.r <., sjrs ten,  ?For 
the tu rnover  t ime i:; c a i c ~ ~ . l u t c d  as preseniLed i i y  IIu.ng:~i;e (igi::.;:' 
give an  sccouiit c "  t h e  a,ve:-qe i-etcn?;ton time. Tn :~,d<iit?L~:-~ ',c, 
tu rnover  t ime ,  t h e  two l ia l~ '  1;inlcs : ~ s  suC<~csJ;ed by Sr rzn f i t  
(1958) a r e  c a l c u l a t e d  t o  desc r ibe  t h e  slmpe o r  t h e  flow c u l v - .  
For monogss1,ric an imals ,  on ly  t h e  ha1 f t ime i s  cal  cu ln t cd  p; 
presen ted  by Braiidt and 'Phaclio- (1958) f o r  t h e  r a b b i t .  Th i ,  
one h a l f  t ime s l ~ o u l d  b e  s u f r i c i e n t  t o  desc r ibe  t h e  f l o v  c u ~ - ~ - e  
f o r  t h e s e  animals and when d iv ided  by 0.693, it should 5 ive  i 
va lue  equ iva l en t  t o  t h a t  of  t h e  turnover  t ime o r  average rc- 
t e n t i o n  t ime.  
DIGESTIBILITY STUDIES 
-- 
I n  g e n e r a l  t h e r e  a r e  two maJor advantages sought ~ , ~ o : s E  
\,rho u.se t h e  ind ica tor '  method i n  dii>;estibi. l . i ty study-es.  F i r s : ; ,  
t h e  p o s s i b i l i t y  o:C e l imina t ing  t o t a l  qu tzn t i ta t ive  collec-l.io:.* c i '  
t h e  f e c e s  and t h e  use o f ,  i n s t e a d ,  randon s m p l i n g  (gr3,h) 
E s p e c i a l l y  i n  s t u d i e s  wi.i;h 1-arge arrimal.s, "chis 2.2-vctntagcl h:i.: 
fr,rc-:3.t nl'?cal in tel:xis of cost c?,~zd. l a l ~ o r .  In fact, if tl lc :  j.:?(Li..- 
, i,hl-i; . a(?~j~nC:-~- ;e ,  ii  i - i l l  'b,--.,-,. c ~ t o r  ;:eiilod f':i-Llcei to off 'cy ' ,v. .- -L .I..!c: 
less i.11 Iiar.;;e :~niln:i,l s t 1 ~ ~ 3 i c n  ,, For bile ir~.i!.eai;oy meil?o'l Lo 
i l l i s  aciva.nt:~,zc , the s  m:plin,ri e r r o r  s!?ould be very sn~:i:l.l. zc 
r a:-id on.1 j?; r a-u C: 22"i2?.?. (3 :; i , r i  1.1 b c i-e-pr i3 :; e n-L at i -ire of t!? e 2 !i --'5 r 
'This probl e::i wi:Ll. be disc1.1s:::ed -irz t!ie s c c t i o n  or" i'eces 
1 7  
.i.he second sr?vnta:;e of t l ~ e  use of ine-r+; -inClicai;ors i11 
io co1-.!-ect the tilitn i.'ou. i'ecal. 1oi:;ses. T'f1i.s i:; a very 
) > ~ o c c d ~ ~ l - e  ezn ci:2,!.i:,r ic 'n-ij:;iai? ~-iiei.;i?iolic bal snce ct,-ildj c-s i; j nc:,: 
c o l l  cctioi~ of i't:ce:; :ire u:;ua:iSy incor;.:picie bcc:a,u::e of lo ; l s  
toi:lLc?t. 1)'3pc?r :~r!tl i n  3~iner:i.l nr~nip.ill.:iti.on. A recoviii-y o !-' 3.r : ; 
t,h::n 3 005 of' -the i.ndi c:~l;o,. :n*~y be due t o  -f'ecnl I.o::siir, w!~j C I J  
lltive ,golie unreco-r;nized and z correcLion may, t h e r e y o r e ,  be  
necessary .  So, when '.!'hi-'iby and Lang (1960) and liose (1961-1) 
recovered only 93% of t h e  nonabsorbable i n e r t  marker ,  chroln-ic 
ox ide ,  t h e y  a ,ssmed 7% fecal.  l o s s  and made t h e  necessary co:~;-- 
rectrion. I n  a d d i t i o n  t o  t h e s e  advantages,  t h e  i n e r t  indica'tc!!- 
~ n e  thod va,s found c ~ o r e  s u i t a b l e  than t h e  co~ivcn.bional in-kn.1~~-- 
e x c r e t i o n  netl-iod i n  t h e  stuc'.:i of a b s o r ~ t i o n  of such readi.1:; 
exchanseable substance a s  c h o l e s t e r o l  ( ~ t a n 1 . e ~  and Chenz , 135'7 ) - 
The convent ional  !!i;l:ne-co1l.ection" method f o r  d e t e r ~ r i i ~ : ~ - ' ~ j  o:~ 
of t l ie apparent digesti .bil . i t ,)r  of' t h e  d i e t  and va r ious  nutri.c?:1.1-:- 
r e w i r e s  corriplete c o l l e c t i o n  of t h e  Yeces f o r  t h e  per iod  o f  tl-:e 
d i g e s t i o n  t r i a l .  IT! s-tvcdies 'uri.t?.i I ~ ~ ~ a n s ,  some la ,bora tor ies  
(??ord in ,  1962) 3r.b-itr2ril.y dj.scz!.~:d s t o o l  col.l.ection oi' t h e  :Ti!-:. 
21~ 'GO ~ O E Y S  zf!;er t h e  stc:.t, o-" t h e  si;liciy and :inal.;i'ze 
obi;aj-ned -i;hc~-~:sff,:?r, t h y ~ s  rcslc:.:ir:!z -tile rc:;idu~:; -rro!s :. 
!:zeo,l. pr.o:;reas t h r o u g l ~  the .* (-nstroin-L.cs-Lirlnl t r a c t .  wi th in  :i i:I?;:i c;r. 
t 1 . r ~ ) .  %%is pro3l.em i:: w e n  7i:ore conpl?;.cated i.n r u m i n a n t  s 
i n  vie17 o r  t h e  1xoi.e compl.icatcd na tu re  of the dii;e:iti.vi:: ' i r a . c l .  
The "-tirne-:.~?~~!~:ci"" rne-L!loc? ;:a:; enlployed by many j.11-ve.; i;ir-~i.,c.-. -, 
t o  he1.p i.denJiitg t h e  s e s  i d i l~c ;  of' ti (~ivel-1 meal and, l;ilcr.eYoze, 
7- :j,l.l.ow a . n o r e  nc:cui-rit,e qua~zt i -ka t ive  col:l.ectjon of i,he fete::. > !  
t h i s  metl;od, a s  ilesc-ril~cc? 'ny Cel.~;e?;.ni (3.3~?6) , a c z ~ . r ~ i r ~ : ~  c .- c:LJ>::~~.! 
i s  ~ i v e i i  :it brc:il:i'cr,t of the  Cj.r.st day o f  -the stxrdy an:i a 
dic-L i s  - then  Ted.  fo:. a period of 5-7 da,y:;, n11oi;2ier carmi.n:: 
bcing g.iien a-i; -L,he 7.3.i;t m e : ~ l  01: t h e  per i  od , Feccs a r c  col ? c c  kcL: 
and  t11:it Iyitji; beirlreelz t h e  I;T"JG carmine ma]-kcrs a.nd i.11elud-inr 
colorcd  wi th  i l i c  f i r s t  carmine a r e  kep t  foi- ana lys j  s  . Tlie 
success  of t h i s  method depcncls upon t h e  c l e a r  recoi jn i t jon  
of t h e  111arker i n  t h e  Ceces and t h e  accura-ie c o l l e c t i o n  of  
a l l  f eces  p ~ s s e d  dur ing  t h e  per iod  of s tudy .  Per iods  of 
l e s s  t han  5 days have not  generally proven p r a c t i c a b l e  be- 
cause of t h e  ciifficu1i;y of ob'caining a  s a t i - s f  a,ct.ory sepa.ra- 
t i o n  of t h e  f e c e s  f o r  t h e  experimental  d i e t  ( ~ e r g e i m ,  1926; 
R e i f e n s t e i n ,  1945) .  The disadvantages of usiny; a  nonabsorh-. 
a b l e  dye f o r  t h i s  purpose have been d i scussed  i n  t h e  previour, 
s e c t i o n ,  Plate t h a t  csrmlne m a y  become mixed w i . t h  t h e  d i e i s  
of' preceding and Tollor.rinq days ,  and,  i n  c e r t a i n  cases  r,:he-:-r 
t h e  f eces  a r e  of a very  s o f t  consis t ,ency,  t h e  e r r o r  t hus  
ir~t,roduced m:Iy be cons iderable .  Additional. d i f f i c u l t i e s  , 
sucii zs Coo6 scatt.eyiry: 2nd ccnl-,a:l:!ina-llon of -Lhe r3od ~i t'k 
. , .  
-tllc c..?rcyets zn.? i;]jc f 'ecc.~ 'i;:~i;il i.lr<rle, k1nv.e lil.ii-te:i i;h:: 1;:p 
of t,:lis r?e-i;l~od. i n  the s:n-I1 la!?orz-'i.01-;: 2ni.l-ilzl (~e - . . ,~e i ;n , ,  l.r)?::). 
!Imy of t h e s e  d i f f ic iu l t i . es  were OV~!I~C:O::IC' by t h e  use or" a 
suii;3'~l.e i n c r - t  ind.ica.toy. 
r i  . i?r? ":ll-~qy.t--Tq:!j c?,1;c>y1' !i?,!;i:> '."ethprl. 
As e a r l y  us 1847 Wildt proposed t h e  use of a n  inert; 
~na-Lei-ial i n  s-Ludies of i'ood u t i l - i z a t i o ? ,  Cdin i n  1.910 vas 
i'i r s t  t o  siir;;esJ~ C r , O  ns a dj.gestib;..?it;y i.nde,r. A :;UT:IXII- i :,: ,: 3 
2esc-ipt ion oi' t h e  "Ediu ' s  Indic::~.I;or :.le.tii(lif f o r  t h e  deter- 
rni.n:?+tion of' t h e  di l ;es t j i i i l i i ;y  oi' i'eedr, ant? f eed  mj.xtures x.r,;r; 
I.a.i,er publ.islrcri i? En:;l-isl-~ by Edin,  Kihlen,  a.r;cl lJorc?Tcl.ii,-L i.!& 
I .  Ilicrgeiln ( I  $12); ) su{:;;ested i rol i  oxi-de a s  an i r l i l icaior  ?ii!, 
t h e  s tudy  oC i n t e s t i n a l  reductiolzs and l a t e r  (1926) as  a 
marlier f o r  n u t r i e n t  u t i l i z a t i o n  s t u d i e s .  
These two i n v e s t i g a t o r s  irere lnainl-y r e spons ib l e  f o r  
t h e  developien t  of t h e  i n d i c a t o r  r a t i o  me-tliod, The method 
has been used by mmy i n v e s t i g a t o r s ,  and ma,ny o t h e r  ma,rkcrs 
have beell a.dded t o  t h e  l i s t  a s  p rev ious ly  presented .  
By conbilling t h e  "tirne-markers" and t h e  " ine r t - i nd j  caioi." 
r a t i o  methods, Rose (1964) in t roduced  a new improvement jn ihc 
t e c h n i w e .  This  neii. method conbines t h e  advantages o-T the  i,-v.o 
~:lethod.s t hus  a l l o ~ a i n g  more accurecy i n  t l ie  i d e n - t i f i c a t i o n  
measurement of t h e  f e e d  output  f o r  a p a r t i c u l a r  i n t a k e  of 
food. Hose (1964) used carx ine  r e d  ai-~d chro~nic  oxide ,  ancl  
Shal-pe and Robinson (1970) used b r i l l i a n . t b 1 u e  end chromic 
The t heo ry  oi.' t h e  ine:r- t . - lndicatm r r i t io  raethod fo r .  t l .Ac :  
c?eterrnj.na4iion of digesi;i.bil.iij; 1 1 ~ s  been d iscussed  by Ber!.;ei:r 
(1926) , Stan ley  and Clieng (1957)  , and by KLeiber (1.961 ) TI-LC: 
t heo ry  a:; ouJr,lil-,e;l. by JCl-eibe: i.riL1.. be giver, h e r e ,  
If: 
I = d a i l y  i n t a k e  of food 
F = cc-i~ount of f eces  excreteci per  day 
cmrl f e ces  , renpcct iv-e ly ,  
anount of i11clTcator -tzkeli i n  per  day = I * A. 
L 
a*~noun-t oi" inciica-Lor excre ted  d a i l y  = P ' f).. 
I- 
Silice t h e  inci icator  i.s 5 nciigest lbl-e,  t h e  amount exere',. $1 
must equal  t h e  amount i nges t ed .  Thus, 




Therefore ,  t h e  appa.rent d i g e s t i b i l i t y  i s  equiva len t  "co one 
minus ti le ra . t io  of t h e  i n d i c a t o r  concent ra t ion  i n  food and i i z  
f e ces  , The above d e r i v a t i o n s  zssunie t i le "dry b a s i s "  ana1.y~; s 
of  food and f eces  and t h e  d i g e s t i b i l i t y  g iven  i n  equat ion 3 i s ,  
there l rore ,  f o r  t h e  dry ~ : l a ~ ~ t e r  of t h e  food.  
ITOW consj-der t h e  6 i . g c s t i b i l i t y  of a ~ i v e l ?  mr t r i  ent, n i  ;:-cl-(- : 
f'or exxilple. Ir: 
n and n = concen t~a i i -ons  o r  n i t r o c e n  i n  food and E e - c , ,  i f  
I . n = daily niti-oge:~ i r ~ i a k e ,  ancl i 
F " rl = d a i l y  ~ i l t r o g e n  e x c r e t i o n .  f 
Y.';'l?cn t he  sppni-ent di .yest ibj  1i:ty of nitro:;en i.s : 
'The r a t i o  (I ; ' /z)  ;au.:\r be I-e:placed by tile i:zt.io of .the indicai;?: ,  
D = apparent c i i ~ ~ , e i i i b i L i L ; ~  o f  n i t r o v n  
n  
ri. anrl 11 = n i t rogen  co i~cent ra t lor i s  i n  food ancl rcccs (on 4, ! r J. 
r e s p e c t  ivc.1-y 
A. and A = concent ra t ions  of i n d i c a t o r  i n  food anii f e c e s  (:>,I 
1 f  
dry b a s i s  ) , r e s p e c t i v e l y  
The re fo re ,  t h e  apparent  d i g e s t i b i l i t y  c o e f f i c i e n t  o r  a 
given n u t r i e n t  i s :  
'd , .  , /s in d i c  ~ t ,  or  i n  food L l > ~ ~ ; g ; ~ - > ~ ; ~ , - ~ , , ~ ; 2 ~ ~ - ;  
~ i ~ e s t i b i l i t y ,  5 = 100 - loo( $ indi-cator  in yeccs n,L12;l.i c::~k, i:~ foe-3 1 
The foregoing  discussiol?  i s  based oil t h e  assumpti011 t l  *,I. i c 
ind icakor  i s  completeljr i n e r t  and non-absorbable and, a 7  tJer r c ?  f - l q r *  
equ i l i b r iwn  t h e  e x c r e t i o n  of t h e  marker equals  the in ta l ic .  rPre 
t h e  i n d i c a t o r  i s  i ~ g e s t e d ,  i t s  c o n t c n f i - n  f eces  r i s e s  fro:n zero 
t o  a  l e v e l  which becomes jqair ly  cons toa t  f o r  a  given i ~ ~ d i v ;  + \ i u 1  
f e d  a pa r t i cu l - a r  d i e t .  The t ime needed Tor Cecal excretio:- o" 
a  s u i - t a b l e  i n d i c a t o r  t o  'oecorne steady depends partly upon t5c: 
dietary.  regixiel~t  and ]nz.:-t2.y on -the indi.vici~j.al (\ilij i;by :nd 
1960) , 
A nc:rj.rjd of "a&jui;"Lmo~.t," i s  , - t l~cl*efo.~-e,  r qu j . r rd  ?~e*c-:,*i- 
s tar-Ling 1-3ie e:xperineni;zl pel-iod. T ? l i s  adJus tnent  peri.od 1 I:! 
hl~lcll f oull<i !;o 'be i ~ ~ r o  d a y s  o r  lonf;c-?:~- b:y S-tnn1.e~ and c!] 5 
the st,eady level of Cr 0, exc re t ion  has Snj.l.ed to o'oc a!;-L~ii.~::d 2 3 
1sitl1i.n '72 hrr, of' s t a r t l n t :  C r , O  dosrigii -i.n apl)ro:t5.!~:1.'ieI~y on\..-- 2 3 
q u a r t e r  o:C t h e  ba l ances .  Sharpe and Jiobinson (19.70) i;i.lowci'? 
per iods  of a t  l e a s t  1 0  days have been su,c~gesteii isson son, 
Pigden,  and Sy-lves t r e  , lg5'i'; Davis ,  Ryers , and Luber , 1955; 
MacRae and h n s t r o n g ,  1969) .  
C1earl.y , on no s i n g l e  day i s  t h e  e x c r e t i o n  of i .ndicator  
l i k e l y  t o  b e  exact1.y equal  t o  t h e  i n t a k e  b u t  over a pe r iod  
o f  t ime t h e  exc re t ion  of i n d i c a t o r  w i l l  q u i t e  c l o s e l y  approxi- 
mate t h e  in t ake  of t h i s  subs tance  ( s t a n l e y  and Cheng, 1957;  
MacRae and A~mstrong , 1.969). The l eng th  of t h e  p r e l i n i n z r v  
per iod  i.rould. b e  a ~aajoz- f a c t o r  i n  deten;1inilzg t h e  l e n g t h  of 
t ime of t h e  experimen.ta1 o r  c o l l e c t i o n  pe r iod  i n  o rde r  t o  
e l imina te  e r r o r s  i n  s a p l i n g ,  and t h e r e f o r e ,  acliieve 103.: 
recovery ( ~ a v i s  -- e t  al.. . , 1958) . Seca,u.se of' t h e  known varia-;3ll'Lj.::;,- 
r i n  t h e  frequency an3 anou~r-t, o f  h:ula:i d.ai1y f e c a l  excre.'iisrl, i: -;( 
$ drt:y i.o3.].eci;i.o!-1 pzr j .o3~: lia,~~i;?rc. b 3~;;. ~-e~oz:l:~:.1?2e:3. (RC-.II. ; ^ e n ~ + ~ - ) i - . i  -, .. .. - a  - 
A1brit:hi , aj.rd i6lel.l~ , 1311 5 ; Stalll.e;.- c~r~ci C:> cnq , 19 57 ) . 
and Lang ( 1960 ) , ~ o T ~ T ~ v ~ ~ ,  silowei .th--,-t , a . - f t r r  ail adeou-tc CT;:~-- 
1i:ninaqr per iod  on t h e  ba.lance recl.:ncn, -. it j s pra.cti.c;ii)l.e t:: 
base  each inves - t i t~a t i . on  0 x 1  t iio col.l.eci;ion pe-riocls, eacl: o f  
t h r e e  cla;ys, al':J!~ou~;-;'ii 3 t h i r d  3-227 period 1.rou1.d a c t  as e s : ? P -  
giuard by r evea l ing  'the presence of a t r c l ~ d  due t o  :;erne uni'c?i'.i.- 
---i \,.> " seen and ~ l n c o n t r o l l e d  variable i I experil-icnt . 1% r.zri5 :i'  .---:.
I -, 
no signi.  Cicsnt diC.ferences were f olL;ac? between cixta of '  Lj-u~:. - 7 , ;  . .- A 
- - 1.0-day -Lo-La1 col..r ec'tio:? periocls.  >liti? Cr 0 as zrL i.1-~ert - 2 3  
crxtor, a 100% recovery wa:; r c - ~ o ~ - - t c ~ i  w i t 1 1  catt1.e f o r  s 5.-:?:~:r 
c:ollect-ion (Corbc;.tJL, Greeilhalgh, Gvynn, and id:~l.lier, 2.958) : ~ z d  
a  10-day co l lec t i .on  (~:. ,vis -- e t  A al. , 1958) .  A 6-!1.5iy p r  
and a  6-day c o l l e c t i o n  pe r iod  seem reasonable  i n  hanisi1 n u t r i -  
t i o n  ( ~ o s e ,  196);; Sllarpe aiid Robinson, 1970). I n  ru~lliniint;, 
however, a  l b - d a , ~  p r e l i m i i ~ a r y  per iod  should precede a 7-dnv 
c o l l e c t i o n  per iod  (~1ac~a . e  and Armstrong, 1969) .  
BALAIL'CE STLJllTES 
-- 
If it i s  d e s i r e d  t o  determine t h e  anount of a  g iven  
i i u t r i e n t  r e t a i n e d  i n  t h e  body, one sliould account f o r  a l l  
l o s s e s  of t h i s  n u t r i e n t  i n  t h e  e x c r e t a .  Feces ,  u r i n e ,  intejrii-.. 
rnent l o s s e s ,  sweat and. t h e  expired. gases  a r e  r o u t e s  by which 
d i f f e r e n t  n u t r i e n t s  o r  t h e i r  me tabo l i t e s  a r e  exc re t ed .  Thc 
L a t t e r  two r o u t e s  become of sonie signi.i 'icance only under ceT.-- 
t a i l?  condit ioi ls  ( e  . g .  , under ho t  envi ronnenta l  condi-Lion:; 3133 
wlieii t h e  retenticil l  s tudy  involv-es me.ta,bolites o r  cc~?i;ai:l 
as c,el.c;ni.ur:i of -\,rhich rz s i g n j . f i ~ n n - t  par-il.on i s  cam-ieii o l i t  
x d ) The cJisc;?i;:;io~r he re  ui31,l-i.i-i; ol-i'!?.: i,o i;'.!osc 
. that &I-(1: excre ted  i i z  the :Ti?c:c;; aijd. Liie u r i r ~ c  under ini1.d e: 
mental  cond i t j  011s (nee l_ ig ib le  s v e a t  ) . 
- 
rn  t h e  con?;-entionnl bai.uncc nethod., - t i le  u r i n e  n,nd ti.!e 
arc qu:iiii;fi tativ-el-y col.lected and n11a.l.yzed f o r  1;hc nui,?*i c r ~ i  l.~:i,i, ,. 
sLudy. The food i s  a l s o  analyzed and t h e  nuLrient  in-Ln.lci-.. i:; 
0 -! . , iieteu-inined. The dii ' irerei~ce beAi.ireen the ini..:jI~e and -tl~i- ex.cyi.l- ' i. 
gives  4;hc 11-utrient r e t en ' i i o~z .  
Jirl .iizei.*t :!:o.r?rcr can bc i:sed t o  d c t e ~ m i n e  t h e  r?r!o11;1t, v!hi ;'J ' 
cxcrel;c:d j n i;hc lclcor; as llns beer1 ]~rcviouc.'!y d i  S C - ~ ~ S S P ~ ,  :j.ilrl t k i :  
ur.i.ni: ca.n be qu:ilii;.i i;::it.i.vc1.y4 co1lc:cted and sainpled fol- z r ~ , ~ l  y 5:: , 
liccer~ t l  y , Fu~'i.iy:~, Talial~:~.slii , and K:~~tieol.rn (1970) 11n.vc 
a  ~ne t l~od  us ing  n u r i n x t y  j .ndicator f o r  t l ic .es.Limz~ti.oii of' t l i c :  - j j i * : ! - "  
p o r t i o n  of absorbed n i t rogen  tl-int was r e t a i n e d  i n  rats and 
p i g s .  Using t h i s  method, t hey  were a b l e  t to e l imina te  t h e  
n e c e s s i t y  of q u a n t i t a t i v e  co l - lec t ion  of f eces  and u r i n e .  
Chromic oxide was used a s  a  f e c a l  marker and diets-ry po- 
tass ium as a  u r i n a r y  i n d i ~ a t o r .  They suf;ges2ied t h e  folloiiin:; 
formula t o  c a l c u l a t e  n i t rogen  r e t e n t i o n :  
Retained N ( $  of &sol-bed) = 
(1 - D c r /  FcY x FI/ DI 
100 - (1 - D / a FII/ DN X - x R 
c r  c r  I 
where : 
D Dpi, DI = c o n c e r t r a t i o n  of C r  O 8, and i n d i c a t o r  
c r  ' 2 3' 
(I:), r e s p e c t i v e l y ,  i n  t h e  d i e t  
Fcr '  FBI' FI = concent ra t ions  o f  Cr 0,, 1, and i.nd%ca.!;~, 2 _, 
(11) , int .spec- ' i ivel:~, i n  t h e  f e c e s  
t h e  u ~ i n e  
R = t h e  rezo-\-ery of t h e  i n d i c a t o r ,  wh:i ci? sli:;-J. 
t h e  pc2rceritage of indica. tor  (K) cxcrci ,c~i  ' I ;  
u r i n e  r e l a t i v e  t o  t h a t  of t h e  ind'i.cs-Lo:. 
The recovery of ;;)otassiun wss csl.c~iLated as  fol.lo:,rs : 
!< = tl-icl :~~;nc)urlt of' a.bsorLc?!i 1; as deterni.ncd by C?-;,03 
:ib 
Tile anouizt of absol-bed l i  ilas c s l cu l  a t e d  a s  foll_oirs : 
FI = t h e  amount of food i n t a k e  
DL( = K content  i n  t h e  d i e t  
Linear r e1  a t  i onsh ips  were e s t  abl is l ied between pot  ass i -~- - -  
r e t e n t i o n  and bocij. weight ga in  f o r  t h e  t v o  spec i e s  : 
-3 Y = (2.114 x 1 0  ) (s) - 0.002 r a t s  
where : 
Y = amount of r e t a i n e d  IC i n  grms 
X = body -vreigh3i ga in  i n  grans 
, ,  When t h e  convent? onal  method s:ras cornpared -to t h i s  nrct::n3 
boL1i r z t s  and p5.r;~. 
It 1 . 7 s ~  po in ted  o u t b y  t h e s e  ev.tl.ior.s ( ~ 1 l . r u ~ a  G- :c. , 1.qT.:,; 
i;ilst, tile -ur inary  ind:ica-Lor t o  be used 5.n t h i s  nethocl shci~_'!c 
sa.i;ir,i'y t l ie  fol1owi1-i; rcqu'irer?ents : 
1. It sllould be  e a s i l y  absorbed i l l t o  t h e  body a.11d. ss?-?-,;l.:i 
not  b e  deco~qposed. 
ret-,eliti.or~ i s  e a s i l y  cle-tcmined. 
n u t r i e n t  / i n d i  ca'ior ra ' i io  i n  t h e  uri.nc since i-i; ir. 
co l l . ec t in !~  tirnes a s  p o s s i b l e .  
4 .  The i n d i c a t o r  should b e  e a s i l y  and uniformly rnixeci 
w i t h  o t h e r  coniponents of  t h e  d i e t  and should be  
e a s i l y  and a c c u r a t e l y  determined. 
F e y  poin ted  out  t h a t  po ta s s iun  was chosen a s  t h e i r  
u r i n a r y  ind- ica tor  because it i.s h i g h l y  absorbable ,  i t s  r e -  
covery i s  assumed t o  be  about 100% i n  t h e  a d u l t  and i n  t h e  
growing animal i t s  r e t e n t i o n  can b e  es t imated  froln body 
weight g a i n ,  and it i s  e a s i l y  and a c c u r a t e l y  de temined  by 
f l a n e  photometry. 
The disadvantzges of us ing  po ta s s i l~m as  a  ur i imry  
i n d i c a t o ~ :  should n o t ,  hok~ever ,  be  overlooked. F i r s t ,  K 
i s  no t  100% a,bsorbed and t h e  use  of a  f e c a l  marker t o  d.e-ter- 
:ni~lo its di_gesJciiji!.j -by nig l~ t ;  in-tro:i.uce an erroi- Ln the  ~ ' J - C ; .  k, 1 - 
talc,i.\re recovery G C  K. SeceaiiS pc~-L; t s~ iu~i  j:; pc?~.i;l.;~ !"tLni.nc?e. i l; 
. . , ~  tile body esjjcciz?.l;s by ;-;j-o;ring animals . The use o:P z:1 I E C : - I  -:,e:.<, 
parameter , e .g. weip;llJc gaj  n, t o  determine 1*elieli"L4o l?in-trc\i:lc-..; 
anoti-ter e r r o r  arid requi.rcu t h e  es-Labl.isllmc:it of 1.inea.r er;uz.i~i:,,-a 
i n  a p re l im ina ry  t r i . a l  j.n wlzi cli t o t a l  l~ i . ' i~?e  c o l i c c t i o n s  I?r:\.~-i: i ; ~  
be ~~ia.fie . Tlie 1.il-iez.r equat ions  sl?ould be  der ived  ~ ~ n d e r  .i;l~(: 
cond.it,ions of  t h e  s tudy .  Arid l a s t  , corid.itj ons t;ha-t; re:;ul~l, i n  
II l o s s  i n  u r i n r  o r  tlietz.i:y K -ir strea-t ~.rj . l . l .  conzti-Lute :in cireiac-!, 'I: 
t h e  q1xa11t:i.I--n-Live i-cico.ver-y o.f I;, Ti; :;hou:l ci -be pain-Led out l?cl-:-. 
t h e  aut1io:i-s ( ~ i ' u ~ * u : ~ - a  -et ---- t a l  . , 19'70) did no-i r.epo.rL any tia.tn. or: 
.i'ol.rnLty o f  IC ex~~-c iJ i ion  i  u r i n e  and -[;hi. sanpli.ni-, el.-rori; iil~7:::I.i.c 'j . 
This  i.i?i'ormatj.on i s  pr.omi.sec1 i.n n  I.atcr p u b l i c n t i o l ~ .  ?' 
important  because it has bea r ing  on t h e  main advan-Lage oC .L'i-~.!.s 
procedure,  n a ~ l e l y  t o  el j -minate  t o t a l  u r i n e  c o l l e c t i o n .  
A u r i n a r y  i n d i c a t o r  t ha t ,  s a t i s f i e s  t h e  requirements  pre- 
v ious ly  suggested and e l in i ina t  es t h e  e r ro r s  d i scussed ,  t ~ o u l d  
1 i1.C C c e r t a i n l y  make t h i s  procedure o f  g r e a t  u se  i n  metabol ic  ba l ,  
s t u d i e s .  
CO?lSUT*IFTIOIJ JJiD DZGEST?BIJJITY -- OF FORAGE - 111 GRAZING K\TIf.2hTJS --. 
The search  f o r  a s a t i s f a c t o r y  i n d i r e c t  method f o r  d e t e r -  
niining t h e  corlsmntion and, apparent  d i g e s t i b i l i t y  o f  forages  In 
graz ing  animals has  been i n  progress  for- Inany y e a r s .  PLvaj ? 
methods ?lave bee11 reviewed by Val-entine (1956) and i n  " In te r . -  
s o c i e t y  Forage Evalus. t io:~ Sjmpos im" (1959 ) and "Pas ture  a,~;? 
Range Researcli Technin-v.esl' (1.962). The l a t t , e r  two publicati:xr:; 
were pl-cl-;a.r.ed - L ? ~ r o u ~ b  jo in% ef i'or t s  b y -  t h e  C~~el- ical i  Socic-iy :>'' 
ArTronow-, 
- , I ,  , t h e  i:??cr:i.can I)ai.ry Sci.encc- A s s o c i s t i o r  , 1,'xic n ' i l ~ ~ : . 2 : 3 . : i  
Soc ie ty  o:C An3.1na:L Prodi~c t . ion ,  :!nd t l ie  PPrnerica:~ Soci.e.Ly cf' 
Management, 9 ther  r e l s t cc l  wo~1;s ?n.clu.de t h a t  by H a r r i s ,  
Kcrcher ,  Ra1.ei:;h , and Eoi~.rmn (1967) and l:y Mcilonald (1~968) , 
ma,in c l a s s e s  of' markers llave 'been used i:i t1i:i.s type  ~ j h t : i : ~ . c l ; i :  
i n  terns].. rna.r!iej.s wIII; ch occur  na'tura.l.ly i.n f ceds-Lu-fl's S ~ J C ? I  ~1.5 
l i g n i n ,  chroinogen, n i t r o g e n  o r  s i l i c a  and externa.1 inclica-to-r:; 
~ r h i c h  o r i c j  n:j:i;e out:;ide -the d i  et. such a:; chromic oxide .  
The i n i r o d i . ~ c ~ , i o i ~  f  .:;he iri?crnal. i1i:iicator concc:pt 
mcasurcmcn-t 01' nu-tricn-t  d- iscs- t i 'b i l j  t y  oC Corn;;c ~ r : t ze t i  by 
s.iinpl.er a.iid I.ess cost1.y. In i;cner:ii, a good intcr12:ii i n d  c::i;o-!- 
~ h o u l t l  possess  t h e  t'ol.low.i.ny~ Sc:itur.es ( ~ e i d  , I J o ~ l f o l l i ,  i?j ( : i i : i ~ ' ! : ~  
ICaufinan , TJoosli , TUI-li , I ? i l l c r ,  and B lase r ,  1950) : 
a )  It occurs  n s l ~ l r a l l j r  and i n  s measureabl e  oLuantity 
i n  t h e  f e e d s t u f f s .  
b )  It should b e  i n a i g e s t i b l e ,  and tl-ierefore,  completel;: 
recoverz'ole i n  t h e  f eces  . 
c )  Its chemical a n a l y s i s  i s  s imple ,  a c c u r a t e ,  and ra?ir?, 
d) Its recovery  from t h e  f eces  must not  b e  inf luenced  loy 
t r ea tmen t  of t h e  f eed  ( cu r ing  methods, h e a t ,  e t c .  ) , 
by s t a g e  o f  m a t u r i t y  o r  by i r r e g u l a r  pa,ssage of  k.?o 
i n d i c a t o r  through t h e  g u t .  
e )  I t s  e q u i l i b r i u q  i n  t h e  f eces  w i t h  t h a t  i n  t h e  f e e l  
must be  e s t a b l i s h e d  soon a f t e r  feeding  i s  s t a r t c d  
o rde r  t h a t  s h o r t  t i n e  t r i a l s  ma,y be  used. 
Vi th  t h e  -use of a  s u i t a b l e  i .n-ternzl i n d i c a t o r ,  nutrie::~. 
digesti.bi:l-iir.;. can Se  dc't;el-.r:;incd 1:);~ ei1Ghey one of li..;o ni.'~i;ro3.: : 
1. The r a t i o  technri-que: ?'he concentra:tions of t h e  ir;i ' . -  
c a t o r  used and xhe cutr ienJi  i i i  ques t ion  a r e  detel~ainec? i n  t 1 
feed  and f eces  and t h e  apparent  d i g e s t i b i l i - t g  coe.lfi.c2.ent 
t hen  calcul-ated as p rev ious ly  d i scussed .  
2 .  The f  ecz-1.. index xethod:  The. u se  of  t h e  s-sti.0 'i~:cl;-:~i !:;:;c 
was seen bjr  Reid,  >7oolfo3.lr, i lardison , : . :artin,  Brundage , a113 
(1352) as feas:ib?.e only under condii;io.ns i n  wl~icli t h e  :;-::y.~?.= ':1 
feed  ob tail-led Ear a n a l y s i s  t r u l y  r ep re sen t  t h e  f eecj con:;?u~~el ?:- . l .rr 
cxperimentz,,l a~! i l . : a i s ,  a sit .uet:io~z t h a t  exisl-,s only in. t r iz l . . :  'I 
which hsnd-feixl.i.nc i s  p r a c t i c e d .  This  probl_~-.in can be solvi-?- I:;.- 
f e c a l  index incilloir .+,,here r h e  fo rage  i s  cl ippcd and r e d  t o  - - . - 
mental  animals i n  a  conventioilal  digestion t r i a l  i n  which +h(- 
fo rage  cons~uned and t h e  Ceces voided a r e  quailti t n t j v e l  y men-- 
su red .  Represenla t ive  sxnples  of t h e  f eed  and f eces  a r e  
analyzed f o r  t h e  in i e rn r i l  i n d i c a t o r  and t h e  n u t r i e n t s  i n  
ques t ion .  The r e l a t i o n s b j p  between t h e  d i g e s t i b i l i t y  of a 
g iven  n u t r i e n t  and i h e  concen t r a t ion  oL' t h e  i n t e r n a l  i n d i c a t o l  
i n  t h e  f e c e s  i s  e s t a b l i s h e d  by a  r e g r e s s i o n  equat,ion. Reprc- 
s e n t a t i v e  sanples  of t h e  f eces  voided by animals graz ing  t h i s  
type  of fo rage  can then  be  a r i a l y ~ e d  only f o r  t h e  i n d i c a t o r .  '.'ht 
concen t r a t ion  of t h e  i n d i c a t o r  s o  obta ined  caa be  inser te r?  i-itr, 
t h e  r e g r e s s i o n  e q ~ a t i o n  t o  c a l c u l a t e  t h e  apparent  digesii1si;i -.'- 
It shou1.d be  po in t ed  out  l iere t h a t  a  r e g r e s s i o n  equat j  on c s+ i?, - 
l i s h e d  under a given cond i t i on  does not  n e c e s s a r i l y  a,ppl.y .i~r;dcr 
o the r  condi-ticns . 
' I n l i l ~ e  [;he r:~:ti o  tetsclhi~iq-~e , i n t e r n a l  ind i. c-ntors ilsc(!. 1 :! -' 1 
fecal index metiiod :lec?d :lot be co:~plei;ely indi.g~:;~;ibl.c. 11- i:rj .(k 
range of ind . ica tors  have,  t h z r e f o r e  , been used. i n c l u c l i ~ ~ =  :'ec:ri.:i 
n i t r o s e n  ( ~ , z n e a s t e r ,  3.9119; Xayl:?ond, Kc-ap, Ke~~lp, ;ind J- ia-r is :  -:!-)I, \ 
p l a n t  clil-omoge~is h e i d .  e t d .  , 1952 ) , me'i;hoxyl (liicbard:; :-!.nd 
1952) , and K b e r  (~?s~-;noi?ti -- e i a l  ., 1354 ; Ra.ymonc1, Jones , aricl ii:!? - '  7 
1955). Of these, olzl j~ i'ccal n i t r o g e n  a.nd p l a n t  ch::ornoqenc !:*;;b-i: 
been e x t  ensi.vel:,i. s t u d i e d  and a r e  considered more we l i ab l c  - t ' :~c~!  
problems rel.a1~ied t o  rc?prescntat ivc sampl.ing pose o. t h r - c a t  . to ii:', 
prec i s ion  oC "illis procetiure.  F i r s t ,  t h e r e  i s  i h e  problcrn or ' i  ':. 
saj~ipl ing due .to diurnal.  f l u c t u a t i o n s .  A d i scuss ion  of  t l ie 
d i f f e r e n t  methods of  f eces  s anp l ing  i s  presented  l a t e r .  The 
second problem i s  r e l a t e d  t o  fo rage  sarapling. The s a ~ p 1 i . n ~  
of fo rage  under s tudy  f o r  c l~emica l  a n a l y s i s  i s  c a r r i e d  o u t  o111.y 
dur ing  t h e  pre-grazing convent iona l  t r i a , l  t o  e s t a b l i s h  t h e  re- 
g r e s s i o n  equat ion .  Since s e l e c t i v e  g raz ing  i s  a n a t u r a l  a~iirzel. 
behavior  (King, 1 9 6 2 ) ,  it i s  d i f f i c u l t  t o  p r e c i s e l y  c o r r e l a i c  
events  on p a s t u r e  w i th  t h o s e  of hand-feeding i n  pens. The 
e r r o r  in t roduced  by s e l e c t i v e  g raz ing  mzy be  of  s i g n i f i c a n t  
magnitude ( ~ a r d i s o n ,  Rei.d, Marti.11, ancl IJoolfolli, 19511; Ra;;l?loi;d 
e t  a l .  , 19514; Ea th ,  Weir, and Torel l - ,  1956; Lofgreen , me ye^:, 
--
and Pel;erson, 1956 ; Fleyer , Lofgreen, and I iu l l  , 19156 ; Tc7eir a:1:3 
Torel l . ,  1959 ; Reid, 1962 ; I\lcDonald, 19683. For. example, 
e t  al.. (l.g?!i ) iound t h a t  the a:,rera.ge d ie t .  sdeci ;ed by 
-- -
ani:.als froxi 23 s-irards repr.ci:;e~?-tin? a vt?-ri e'ty of pl.anis an::: 
gro:ii-Lh s t a g c s  contained 23$ g o r e  crude p r o t e i n ,  375 more f;:.t, 
26% niore ash and 17% l e s s  c r ~ d e  f i b e r s  t han  .the whole ll&k'c..-;c, 
cu t  from -the stiqe source  a t  s s t ~ i i ~ b l e  lc ight  of 2 i nches .  JyJ.i.::--. 
cuss ions  on t h e  problcrn o f  herbage s a m p l i n g  f o r  cliernj r:al. 
have been given b y  Weir e t  - a l .  ( l 9 5 9 ) ,  1Ce:rlnedy ( I . s G ~ ) ,  and. 
rbfc~ion:.i.ld (1.968) . 
Tile a ~ n o ~ ~ n l ,  oi' -Tor :ii;e cons im!cd by grazin,n ai~i.n:i!.s ~3.1-1 i-: (:. 
d~> ' ie~i :~ ined  13jr eithi2.r oi.' t i le  i'ollor"~-i.n;~ two r:ie-tho(?:: : 
1.. ii?oi;al :i'ecal outpu-L 
AC-ter c a l c u l t ~ t i n y ~  the d i g e s - t i b i l i t y  by e i t h c r  of -i:,!.!e 
-Lw-o 111e-LLiods oul;l.i.ncd r~bove , one needs -to know t h e  t o t a l  Irc:c:i:l 
ou tpu t  t o  be  a b l e  t o  c a l c u l a t e  fo rage  consumption. This  can 
b e  done by one of  two methods: a )  d i r e c t ,  w i th  t h e  use  of a 
harness  and a  f e c a l  bag ,  f e c e s  can b e  q u a n t i t a t i v e l y  co l l ec t ed  
and b )  i n d i r e c t ,  an e x t e r n a l  i n d i c a t o r  such as  chromic oxide  
can be  adminis te red  o r a l l y  i n  known amounts t o  t he ,  g raz ing  
animals and t o t a l  f e c a l  exc re t ions  can ,  t h e r e f o r e ,  b e  calcu-  
l a t e d  from t h e  concen t r a t ion  of t h e  externa,l  i n d i c a t o r  i n  
r e p r e s e n t a t i v e  f e c a l  samples . 
2. The f e c a l  index method 
This  can b e  c a r r i e d  ou t  a s  desc r ibed  f o r  c a l c u l a t i o n  
of  d i g e s t i b i l i t y  except  t h a t  t h e  r e g r e s s i o n  equat ion  he re  w i l l  
e s t a b l i s h  t h e  r e l a t i o n s h i p  between fo rage  i n t a k e  and t h e  con- 
c e n t r a t i o n  of  t h e  i n t e r n a l  i n d i c a t o r  i n  t h e  f e c e s .  The a c i d  
s o l u b l e  f ee21  f r a c t i o n  has been used i n  t h i s  method a s  t h e  
i n d i c a t o r  (owen, 1961 ; Langlands and Corbet;t 1964) . 
VOLE IE DETETISIINATIOII$ 
Under condi t ions  where d i r e c t  measurement of t h e  volwne 
of  aqueous media becomes u n f e a s i b l e  ( e . g . ,  u r i n e  c o l l e c t i o n s  
of  a s t r o n a u t s  dur ing  space  f l i g h t  o r  rumen c o n t e n t s )  t h e  use  
o f  markers allo~r:, t h e  de te rmina t ion  of' t h e  volume i n d i r e c t l y ,  
The marker must be  n e i t h e r  adsorbed nor absorbed and must Se 
e i t h e r  water  s o l u b l e  o r  completely d ispersed  i n  water .  
The t e c l i n i q ~ ~ e  i s  e s s e n t i a l l y  a  d i l u t i o n  method i n  whiell 
a given q u a n t i t y  o f  a  marker i s  added t o  t h e  systern and t h e  
volurne can ,  t h e r e f o r e ,  be  c a l c u l a t e d  from t h e  concentrakion 
of  t h e  marker a f t e r  uniform d i s t r i b u t i o n  i n  -the 111ateri a l  has 
occurred ,  Th-is i s  a sin1pl.e p roced l~ re  i n  c losed  systems sue11 
a s  u r i n e  c o l l e c t i o n  b a g s ,  b u t  i n  open systems ( e . g . ,  t h e  
r m e n )  a  few assumptions have t o  be  made and mathematical 
t rea tment  becomes necessary .  
The volume of t h e  rumen has been t h e  focus i n t e r e s t  of 
workers stud.ying absorp t ion  and n u t r i e n t  u t i l i z a t i o n  i n  t h i s  
organ.  The use  of' po lye thylene  g l y c o l  (PEG) f o r  t h e  s tudy  
of water  movements i n  t h e  runen was in t roduced  by Spe rbe r ,  
Hydgn, and Ekman (1953).  L a t e r ,  Hyd6n (1961) presented  an 
ex tens ive  d e s c r i p t i o n  of  t h e  t h e o r e t i c a l  and p r a c t i c a l  aspac;s 
of t h e  use  of  PEG f o r  t h e  s tudy  of water  movement i n  t h e  ~ ~ ~ 1 3 1 1 .  
I n  h i s  inathematical t r e a t m e n t ,  Hyd.gn (1961a) assumed t l ie  s tca; ly .--  
s t a t e  conditi-on where t h e  volwne of water  i n  t h e  rmien rexai?-is 
consta+nt during t h e  expc r i aen t  and t h e  r a t e  of flow of wzte:' 
and ou-i; oi' t k ~ e  r-men i s  ~c~nt in? . ious  end cc)nsi;znt, To acceg-I: 
col.leci;ed by t h i s  netl-iod , olle s h o ~ r l d ,  -there:Cor e  , e>:,;s::i:i ne -i;:i~e 
mental condi t ioi is  t h a t  hzve any bea r ing  on t h e s e  -Lwo ~oncii.'i;c.~--? A ,.,, a 
I n  t h i s  techniylue a  linown anount of t h e  marker i s  
d i r e c t l y  i n t o  t h e  rurllen and s t i l~ples  of t h e  rumen con'ierits 2 r ' ~  I." - 
moved a t  d i f f e r e n t ,  i n t e r v a l s  o f  t ime a r t e r  arhilirii:;-l~raticia, 
a  s t e a d y - s t a t e  coi idi t ion and a  rapici unifcri-n mixing oof .the 
am exponeri-kial. r e l a t i o n s h i p  between z~a.r!rer concentr ati.011 3rd ' id -;-. A   ,. - 
' ~ 3 5  s~ lgges t ed  ( ~ ~ d & n ,  19612) :.:here a s t r a i z l i i  I . ine m2;y be 
by p l o t t i n g  -the n a l u r s l  I.oy,arit'i~z:: :1f marlier. corlcent~:ai;:i.on 
t i n e .  When -the :;-traight l i n e  i s  ex t r apo la t ed  back t o  z e r o  
estir:iat,e of marker concent ra t ion  a t  t h e  t ime of dosing may "kc 
U l y a t t  (1964) found "chat t h i s  r e l a t i o n s h i p  tended t o  be  cur-J; - 
l i n e a r  r a t h e r  than line.wr and ti in'^ a  qua,dratic f i t  increascci. 
t h e  s t a t  i s t i c a l  p r e c i s i o n  of e s t ima t ing  i n i t i a l  marker conccq- 
t r a t i o n  . Warner and Stacy  ( ~ 9 6 8 ~ ~ )  , however, ob tained l i n e a l  
r e l a t i o n s l l i p s  and s-uggested t h i s  l i n e a r j t v  as  a  c r i t e r i a  f o r  
t h e  s t e a d y - s t a t e  condit , ion. 
Warner and Stacy  (1968) used 5 1 ~ r ~ ~ ~ ~  complex as  a solu~; l  c 
marker i n  t h e  s tudy  of s a t e r  ba lance  i n  t h e  rwnen of sheep.  
Thei r  mathematical "cea tnent  of t h e  concept vas  extended over 
t h a t  of 1iYd6nfs t o  cover non-steady-state  condit iol is  , mesc: 
workers s t r e s s e d  t h e  importznce of zvoiding d i s c o n t i n u i t y  i n  
the curve over t h e  pe r iod  o f  e x t r a p o l a t i o n .  This mealis tha .2  
condi t ions  i n  t h e  rilmen sliould be  changing st cons tan t  ra-tes 
I .  \ 1 f not  st.ez.dy-s ba te )  throu?;!lsut the enti]-e pel-iod between 
adr l i .n i s tu .~ t io l i  c;i' t h e  dose ~ l i ?  es-bal~I~islx~iellk of' t h e  ell-rve. 
Discont inu . i t i es  i n  t h e  ~ l a . r k e r  concentrzt ioi?  curve :naji be 
causeci by e a t i n g  o r  clri.nkj n j  ; t h i s  becornes especial1.y irnl?o!:~-Loi~-~, 
i n  amima.ls .i~hi.ch ea-i; and/or drin1.i f a s t .  On t h i s  b a s i s ,  I.i::r:-lc- 
an2 Staey  (1968a) c r i t i c i z e d  t h o s e  who g ive  t h c  marlcex. dose 
imred ia i c ly  be ro re  r eed ing .  Fu r the r  cletni1.s of  t h e  techniclur ,  
t l i e  under ly ing  a.ssnmptions, and p r a c t i c a l  1S.mitations have be:-?: 
i:iven by t h e s e  autho:rs (1962~) . Thcy app l i ed  t h e  tec?lniq-irc: i:~ 
a stucfy of '  7;ratcl- ba l r , l~ce  i n  t!ie runien of' shee;~ .thiAo-i~!;llo.i~.t I'~I:-: 
f eed ing  cyc le  (19GGb). 
FECiZ6 SR'iPLTIJG 
It was poin ted  out  t h a t  f o r  de te rmina t ion  of apparent  
d i g e s t i b i l i t y  of a g iven  r iu t r i en t  by t h e  i n d i c a t o r  r a t i o  
t echn ique ,  one needs only  t o  knosj t he  concent ra t ions  of t h e  
i n d i c a t o r  and n u t r i e n t  i n  bo th  t h e  d i e t  and t h e  f e c e s .  If 
t h e  i n d i c a t o r  were excre ted  i n  t h e  f e c e s  uniformly o r  i n  a 
p r e d i c t a b l e  manner, t h e  t o t a l  c o l l e c t i o n  of  f eces  could be 
e l imina ted  and only  p e r i o d i c  saciplilig could be  used.  This  
was seen by many workers i n  t h i s  f i e l d  especial- ly  t hose  whc 
i~.or!r wi th  l a r g e  animals a s  t h e  b i g g e s t  advantage of t h e  
i n d i c a t o r - r a t i o  t echn ique ,  because i f  proven v a l i d ,  it w i l l  
g r e a t l y  reduce l a b o r  and cos t  u s u a l l y  r equ i r ed  f o r  a conven-. 
tiladti ai3:ninistu.a-ti on o-t' chi-o::lic oxide -Lllrice dai1.y r e s u l t e d  
i n  uniform mixing of' t h e  i n d i c a t o r  i n  t h e  f eces  wl-ie~:eas one? 
i i a i l y  dosa.ge did. i lot .  1~h.itby and Lzng (1960) a l s o  conclu2e.': 
t b ~ t  h r i c e  d a i l y  dose v i t h  chraxic  oxide ctzpsi~.l_es gave sc.t-i..s-- 
f a c t o r y  mixing of t h e  ind.icat,or i n  t h e  f e c e s ,  Very l imiteC 
examples have been presented  by :.%itby and Lane (1960) ane b:,r 
Rose (1?61+) t o  show -the use fu lnes s  of ralldorn sampling of s.to:>?.:; 
i n  h u m n  . IJiacciougall (l9Glc) i n  a stucly wi tll dozs arid hi:.!rL::.r!r: 
made wi th  accuracy :fi-on a s i n g l e  s t o o l  specimen. ri'h esc  wo.rlie1.:; 
used zirconi.urn-95, i .odii~e-131, and carmine as mar l i e r s  an.? 1:'i;u:?:? 
that, i f  the f i r s t  marked s t o o l  i s  excluded Trow t l ie  calc1,l :tt, 1 c. 
r e s u l t s  ob ta ined  by t h e  ra~idom s t o o l  method sliot~ no s i g n i -  
f i c a n t  d i f f e r e n c e  from those  obtai-ned by chemical a n a l y s i s  
of a b8-hour s t o o l  c o l l e c t i o n .  liose (1964) , howe-ver , po in t  cd 
out  t h a t  whi1.e occas iona l  ana l?rs i s  of a random satmple of  
s t o o l  f o r  chromic ox ide ,  Ca, and P would provide a very r a ? i d  
and labor-saving method of  c a l c u l a t i n g  f e c a l  Ca and P ,  i t  i s  
no t  suggested -tl.laJi t h i s  i s  t h e  technique  of choice f o r  accu ra i e  
ba lance  work. For such work, it s t i l l  seems d e s i r a b l e  t o  co l -  
l e c t  a l l  t h e  s t o o l s  and pool  s e v e r a l  days t  s t o o l s .  
On t h e  o t h e r  halid d i g e s t i b i l i t y  s tudi-es  w i t h  rw,iinanta I I L - . - ~  
shown t h a t  chromic oxide e x h i b i t s  a wide range of c o n c e n t r a , i c -  
i n  t h e  f e c e s  a t  d i f f e r e n t  tirnes dur ing  a 24-hour pe r iod .  '<?:-;?- 
t,ion i s  decreased when t ~ r i c e  d a i l y  doses a r e  coxpsred t o  c12-2 
d:.,ily dosages ( l i ~ r d i s o n ,  Engel ,  Linko;:s , Ss\~eeney, and GI::;,?. 
1956; Br i s son ,  Pigden,  and S y l v e s t r e ,  1.957). The reduc 
see12 t o  be subst : int ia . l  by I.Iarc3isor1 & @-, (1.956) i n  t h e i r  
wi th  barn--fed d a i r y  cows, and they  suggested t h a t  rand.0~1 
b \ L  of t h e  f eces  coul_d be used if t h e  i n d i c % t o r  were ac i i i : l i s i i , e~ ,~ '  
tsrice d a i l y .  On t h e  o t h e r  hand, 3r iszor1 6 a. (l957), 
wit!?  grazi.n:.; c a t t l e ,  and. Davis , Bqi-ers , and Lubers (1958) , 
with  bai-11-fecl d a i r y  cotlls , indica.ted t h a t  vhe the r  closing c'I!:~:' ,::- 
twice  d a i l y ,  t h e  val-iati-ons were  ~ ' ~ i l l  l.arc7,e ei;oush L O  
t h e  s a f e  ?-eccjvtrlelzi?atiovi of -{;he gr$b-s?.,.n;,!.in~ technique .  
el; a:L. (1-958) , ho~reve r ,  suszes t ed  -tlia-t -this can be o?7erco:.~tc- i :L
-
d i g e s t i o n  s tud ie :  by us ing  longe r  co l l -ec t ion  p e r i o d s ,  e .  f s .  , I? 
days.  Kar l j -e r ,  Smi-th and Reid (1355)  found t h a t  chromic oX:i.<,: 
of t h e  f eces  taken  r e c t a l l y  from graz ing  cows a t  6 a.m. and 
4 p.m. on seven c o ~ l s c c u t i v e  days and b u l l ~ e d  on all equal  we i-;:ii 
b a s i s  provided accu ra t e  e s t ima te  of t o t a l  f e c a l  ou tput  r e g s r  1- 
l e s s  of  x~he the r  chromic oxide TTas adminis te red  i n  g e l a t i n  c m -  
s u l e s  o r  i n  a  concen t r a t e  f eed  and i ~ l l e t h e r  it was adnl inis tered 
once o r  tw ice  d a i l y .  Tlie work by Br isson  e t  a l .  (1957) l ~ a s  a3 c,c 
shown t h a t  when cliromic oxide was a d n i n j s t e r e d  6 t imes  dajl:;, 
it was exc re t ed  a t  a  cons tan t  r a t e  wliich could be est5mate:3 ~ " I - G ~ ?  
a f e c ~ i l  sample talken a t  any t ime dur jng  t h e  dajr. Such a scli:c~,lr 
of a thninis t l -a t ion , hotrever , i s  i n p r a c t i c a l  a s  po in ted  ou t  bv t i L (  
au tho r s .  
S ince  f requent  dosing reduces t h e s e  in t ra - -day  v a r i a t i c l  7 ,  1 
may be expected t h a t  mixi ng t h e  i n d i c a t o r  thorouc.;lil y  ~bii ,h i . 1 ~ 2  
e r r t i re  r a t i o n  ~ , , jo i~ ld  Lead -to :.I, siirii2.a.r or b e t t e r  ci'fec-L, 
i~.l.ien i'ed ad l i b l - t u r n .  KLxn , Pui,na:r,, and ]?:.,;?is (1959) , Iio.;.~ei-7:- . 
a pe:l.le'c;ei! rat,ioiz t h a t  cont:l incd 0.55 clirornic oxide ~ I ! G : ~ o  
mi.xed ~ ~ i t l i  i t s  i n g r e d i e n t s  t o  heii 'ers and found -Lhat n  si 
ti.me--concentration v m i z t i o n  occul-l-e:i. i n  t h e  1 3 ~ s - L  : ~ a t t e r % n  c"' 
chrorr~ic oxide exc re t ion  regxrcll-ess o f  ~~f l i c the r  the:,r vet-e -fee? o12cb . :  
a day ,  twice  a day ,  o r  ad 1i'b-i.i;u.m ( F ' i g .  3 ) .  IIt w a s  cor.!c:l.ucic:l 
t h e  r:ingnitude of t h e  varia1;ion would p~.ecl.itde t h e  i.~id-Lscr~.>~.ir!:~~,<~~ 
sa~npl.ilig of Yeces f o r  di{;e:;tion t r i a l s  a s  reg:~.rds -time. 
Thei-c+ a.rcr: sorne ,-epoi--Ls indic:-rtir!;: di?'Yei..onL pa;i;-i;e~xl:: o!' 
vn.!~iai;ion:; i n  .tlie exc'i-etio11 o f  diY.Ibeu.cnt i nd tca -Lo~s  , Ka.:ze, 
,Iacobsoii, and T.loorc (1952) r e p o r t e d  that bo tEl l i ~ n i l i  and cl1?.9:+~ LC: 
oxide cxhib i le i i  diurn:il. vai-intion:; j.11 t h e  c1aj.r.y cow b u t  -i;l.:nt- 
p a t t e r n s  of cxcre t io i l  were ciil'fcrcnt,. Tlie c11ro:ilic oxide co 1- 
t e n t  of t h e  f eces  r o s e  t o  t h e  higl icst  po in t  a t  9  a.m. wherc the 
l i g n i n  peak occ~lrrerj. i n  t h e  v i c j - n i t y  of 8 p.m. Elam rind D,a:vis 
(1961) r e p o r t e d  t h a t  t h e  d i u r n a l  v a r i a t i o n s  i n  l i g n i n  exc re t i cn  
were Less t han  t h o s e  f o r  chromic oxide .  Garner ,  Jones ,  and 
Ekaan (1960) r epo r t ed  t h a t  t h e  d i u r n a l  vari.a,tj.oii i n  concentra1,ic;:l 
o f  cerium-1414 administered trc.ce d a i l y  wi th  t h e  f eed  vas verjr 
s i m i l a r  t o  t h a t  of chronic 0xid.e r epo r t ed  by E1.a~ t , l .  (1959) 
except  t h a t  t h e  m a x i m u m  concen t r a t ion  more :?requently occu.rre~3 
i n  t h e  mid-morning (11 a.r:i. ) s m p l e  than  i n  t l i e  a f te rnoon s,?.npl(:, 
Diurna l  v a r i z t i o n  of chromic oxide has been s tudied  i n  tire 
goa-t by I<axneoka, T 'af~?~tlashi ,  and Morimoto (1.956) who a l s o  otmse:ri"~-:3 
t h a t  in te r -d  ay srari.ati on i s  a na'iural occurrence i n  rumi~isi-~ts  
3xio1:n'cin$ -Lo about  103. O t h c - r  s;?ecics have a l s o  been sl~o:<:? 
e x h i b i t  d i u r n a l  ;ia.ris'iion:; i l i  t h e  exc re t ion  of' m a ~ k e r s  . 
v a r i a t i o n s  i n  chromic oxide  cxcre t io i i  were observed i n  s ~ ~ - i ; . ! c  
.- . ( ~ l . a ~ ~ s o n ,  Reid,  She f fy ,  and STillnan, 1955; Moore, 195'1) anci i n  
chroniic oxide anc? !.igniu c s c r e t i o n s  i n  cl-iickens (f.';u,eller , !.9 56 . 
I n  s p i t e  of -the occw-rence of  t h e  in t ra -day  v a r i a t i o n s  3.1; 
t h e  exc re t ion  of  markers ,  many workers cont inue  "c use gr:2j) 
sa.r?pl.i.ng because of .the ed.vantases o f f e r e d  by t h i s  tecl~nlq-i~c. .::: 
vnl-iti-tion ?+hell grab sx:ipling i s  p r a c t i c e d ,  sorrie workers 
s l ; f?cial  r,siril;;lli.r~g i;:;c2-;eciule:;. Kane -- ei; a,].. ( 195%) ,  using chl,c;!?ic: 
oxide and l i g n i n  as  indica, tors  i n  s t u d i e s  wi-th cows, su:;ge:;t,i.li 
t h a t  sm~pl.irlg pel-ioiis be i'rorn 1 t o  3 p.m. o r  4 t o  6 a . m .  or ' t o t i !  
per iods  combined. These t ime i n t e r v a l s  were chosen because 
bo th  chromic oxide and l i g n i n  exc re t ions  of t h e  cows approxi-- 
mated t h e i r  averages f o r  24-hour cyc l e .  These workers a l s o  
i n d i c a t e d  t h a t  by select in^ per iods  of equal  d i s t a n c e  from L i le  
t ime when average va lues  f o r  t h e  i n d i c a t o r s  a r e  a t t a i n e d  t h e  
morning and evening v a r i a t i o n  e r r o r s  should cance l  and a  nor- 
a c c u r a t e  e x c r e t i o n  r a t e  f o r  t h e  i n d i c a t o r  r e s u l t s .  Based on 
t h i s  i d e a ,  t hey  r epor t ed  t h a t  d i g e s t i b i l i t y  d a t a  obta ined  i n  
a  3-day t r i a l  us ing  t h e  two sampl-ing per iods  of 10-12 a.m. 
and 2-b p.m. agreed sa t i s f ac to : - i l y  wi th  d-ats  secured i n  convcr - 
t i o n a l  10-day t r i a l s .  E l m  and Davis (1961) ,  ho.,rcver, i nd i ca i  i 
t h a t  t h e  t i r l e  of f eces  sa,riu!!pling rras of l i t t l e  importance is l .  € 2  
l i ~ n i n  ibTa.s uscd t o  deteririine d i g e s t i b i l i t y  beczuse t h e  dillr'i:.il 
v a r i a t i o n s  i n  i - t s  f e c a l  co:~cc.nt:ra-l;ion ?,rere sl.i[:lit. 
I iardison and Reid (1.953) :?~.ud &?it11 a.nd EeiC1 (1955) r 
tka-t t h e  bul-kine of equ.zil l.veig:?ts of f eces  sampled. a t  6 a.r!r, 
> li p.m. & o r  seven o r  more days x~onld provide samples o f  ir l i ic . ' :  I,' 
cliromic oxide cou!!?centi-ation wollld a1loi.r estimate:; of t h e  iolua! 
f e c a l  outpu-t. S imi l a r  systems have been used by many otlle:;.. 
i r*vcst iga, tors  aiid saLisfacLory r e s u l t s  were repor ied  in  co-ri: 1 0 
~ r i  t h t h e  co i ive l~ t iona l  method of t o t a l  c o l l e c t i o n .  Tioiie~ie-i-. i 
t ecllni que hcis beell c r i t i  c i z t d  by Raymond snd Xirisori (1955 ! (?I- : 
.n,:r.ouridr, thxk .the d i u r n a l  pa1;tern of' clirortiic oxide er;crei;ios i:; :.",#;, 
stab1.e :3nd vari .es .i.~j.th :my cl?n;l!g.;c i n  t h e  p a t t e r n  of feedin.; 
b eki av i  o r .  
The above mentjoned conclusions were based on t h e  u s e  
o f  t h e  marker i n  a  qu ick- re lease  form, u s u a l l y  as  a  f i n e  
powder i n  g e l a t i n  capsules  01- mixed wi th  t h e  d i e t .  It has 
been shown ( Corbet t  , Greenhalgh , Gwynn, and Wallrer , 1958 ; 
Corbet t  , Greenhalgh, and F lo rence ,  1959) t h a t  t h e  diurnal 
v a r i a t i o n  i n  chromic oxide  e x c r e t i o n  i n  t h e  f e c e s  of  r u n i n a n t s ,  
which have rece ived  r e g u l a r  concent ra ted  doses of t h i s  marlcer 
i s  due p r i m a r i l y  t o  uneven mixing of t h e  marker w i t h  t h e  ccn- 
t e n t s  of  t h e  reticula-rmen and t o  i t s  passage from t h i s  o r 2 s n  
i n  advance of  t h e  food r e s i d u e s  it i s  in tended  t o  mark (COY-aei t  
e t  .-- a l .  , 1958; Corbet t  , -- e t  a l . , 1959) .  This conclus ion ,  ho??-eve;-, 
i s  no t  e n t i r e l y  s a t i s f a c t o r y  i n  provid ing  ?-ri explana t ion  rcr 
t h e  occurrence of  di.u.rnal varj . .ation i n  t h e  e x c r e t i o n  of rnal-:rers 
i n  vie:%. oi' . i i - v ~ ~  r z p o r t ~ j d  e x c a 1 ~ 1 . e ~ .  F i r s t ,  t h e  use  of c!-~ror-LC: 
oxide '~~ihich was i;llijt~~~g!~!.:i m.i xeci sr i -L~I  t h e  i n ~ ; r e d i e n t s  or  c. 
pel letec? r a t  i.on d i d  r1o.t c;li.minate o r  s i ~ r . i f ' i c e n t l y  rel?uec tl!s 
diu-rnal  v a r i a t i o n  i n  sheep even when f e d  ad 1 . ib i -LL~ (I2l;t.l et 
1.3 59 ) . Second, c a t t l e  e x h i b i t e d  a  d i u r n a l  p a t t e r n  vheri 
which i s  a  n a t u r a l  cons t i tuen- t  of' t h e  f e e d ,  i s  used as  the 
iridi.ca-tor (1~ane -- e t  - z l .  , 1952) . 
Any sanplin:: procedure .~rould be more r e l i a b l e  i f  t h e  
of chromic oxide through t h e  a l i x e n t a r y  t r a c t  and i t s  e:~c;.ci;:~(,:.. 
could be  macle more r e g u l a r .  Ez ich ,  Reid,  and St roud  (1957: co::- 
cl-uded t h a t  t h e  a&!lj.nistratj.on of chromic oxide in:!~ed.iaic-ly b 
[I s i n g l e  d a i l y  f c  .3 caused a. rriore even e x c r e t i o n  of cC1:ro-r.i.c: 0 
i n  t h e  f e c e s  t han  a c h i n i s t r a t i o n  i~mnecliately a f t e r  t h e  feed, 
Er i s son  e t  al., (1957) were a l ~ l e  t o  induce s u b s t a n t i a l  reduc*l,ioil 
--
i n  t h e  d i u r n a l  v a r i a t i o n  by Crequent dosing of t h e  mar l~cr  , and 
s i n c e  6 dosages a day i s  i x p r a c t i c a l ,  it was suggested t h a t  a 
capsule  which would r e l e a s e  chronic oxide a t  a ulliforln r a t e  i n  
t h e  rmen and x?.rould simul a t e  f rcquent  dosing should be develoycu, 
Balch e t  a l .  (1357) su-ggested t h e  use  of  t h e  "macaroni"  for^?^ 
--
used by Edin,  Kihlen , and Nor6.f e l d t  (1944) ; Pigden and Br issoc  
(1957) developed t h e i r  " sus t a ined - re l ease  p e l l e t " ;  and Corbet t  
e t  a l .  ( 1 9 5 8 ) ~  t h e  chromic oxide paper .  Langlands (1962) 
--
shoved t h a t  t h e  v a r i a b i l i t y  i n  t h e  f e c a l  concentra,t ion of 
oxi.c?e tended t o  be g r e a t e r  .when t h e  macaroni r a t h e r  t han  t h e  
paper was adminis te red  and t h a t  t h e  macaroni was intel-mediai<,e i r 
v a r i a b i l i t y  between t h e  paper fomn and t h e  ge1ati.n ca;psul.e::. 
2-ie "susteineci-release1 '  pel l . .eL developed 'by ?iil;d.en a!ld 
13risi;on ( l - i )57j ,  c o n s i s t s  o f  equn.1 p a r t s  of c!iro:~l.ic cxicic? a:11 
p l a s t e r  of P a r i s  moul.deci i.nt,o a c y l i n d e r .  This  pel.l.et d?.s 
i n  t h e  rwnen d u r i n s  a, pe r iod  of a,pproximatel?~ 96 hours .  /in 
i n c r e a s e  i n  t h e  p l -as te r /chroxic  oxide r a t i o  produces a more 
durable  p e l l e t .  The p e l l e t  was t e s t e d  under 13,boratory t r l f ; : l c  
a s  w e l l  a s  f i e l d  t r i . a l s  wi th  c a t t l e  when adminis-tereii once r?r?.:Z?y-, 
It was Sound t h a t  t h e  ~ I ? D , X ~ I L ~ E ~  dev ia t ions  from a, 9-d.37 c2vCri- l ,~Te 
i > 
conccnt?-.at.ion weye : l abo ra to ry  anfmal no. 1, 9)-I-1014%; no. 2: 
90-1.10% ; Ci.el.d ani-mal no.  I., 80-1-17?;; and. no. 2 ,  93-108%. '!'i~c:;c 
dai:i. sho~;.r :in irnproveneni due 'io t h e  use of t h i s  p e l l e t  wheri 
cornpa:r-ed .to ihosi: r epo r t ed  ;r?ien us ing  t h e  g e l a t i n  ,capr:?~le ( r . ~ .  , 
50-3.805 by J-1ardi.so11 and l ie id,  1953; 65-141% by Smith and liciii, i:);>). 
The chromic oxide paper was developed by Corbet t  - e t  -- al, 
(1958) who found t h a t  bo th  tl ie paper form and t h e  "susLained- 
r e l e a s e  p e l l e t "  gave a more uniform flow of  chroiilic ox ide  
through t h e  d u o d e n u ~  of sheep than  d i d  t h e  admin i s t r a t i on  of 
chromic oxide  povder i n  g e l a t i n  capsu le s .  The chromic oxide 
paper Tras made oY Kraf t  wood-pulp (prephred fi-om ~ ~ o o d  by an 
a l k a l i  p r o c e s s ) ,  ch ran ic  ox ide ,  and alwninvsl s u l f a t e  a t  t h e  
r a t i o  of 100 : 75 : 2 .  Corbet t  , Greenhalgh , McDonald, and Florence 
(1960) t e s t e d  two forms of t h i s  paper .  One g of chrol~lic O X ~ ~ C  
i n c ~ ~ p o r a t e c i  i n  a s i n g l e  shee t  of papel- of shout 8 x 20 eiri ir:t5 
coxpared t o  t h e  same amount when t h e  paper was shredded ic!o 
s t r i p s  of  about 2 x 120 Ira. Both f o r m  ?Jere given i n  g e l s t i n  
ca,ps?zles. \?hen slieep trei-e dosed once a liay, it was found i,:l.;id 
t h e  intalre  :ind cxcz-eti.on of' chr.o:nic 0,:id.e ca:le into eq2..1lil.5:b~..i.~-:: 
arid ~ a t ! l e r  soo:lcr i.;ihen i!?e mav.:;er 7"ra.s gi-ven as  0 5 1  suspec::! on 
i n  capsu le s .  Subsequenily , chromic oxide rccovecj  es f r o ~ ~ i  i : ~ c  
J .~.r>p t h e  l.ast I! 2 f e c e s  ~ e m a i n c d  ahout 100:$ for al:!. f n l ~ ~ ~ s .  1)u-.-' 
days o f  t h e  experimen-i , f ccsl .  sanplcs were obtaLneC? i l l rcc i,:i:. 
from t h e  rect11.n once d a i l y  a t  a d.il':F'ere;it t i m e ,  detez-m-iineti c:t; 
random, each day. The twelve sarrip1c.s fl-orn eacli sheep pro..-idc:2 
e s t ima te s  of t h e  c o l i c e r ~ t r a ~ ~ i o n  of  clironiic oxide -in ttic i'c,:~?:: 
a t  2-11oui. in.ti.1.vals Tor a pe:r.iod. o-C 211 hour s .  I l t  was fou:?d .t;!?: 
used  -tl-1a.n when -the o i l  susyensinn was u:;eil; si.n:;le skicci-,s o f  
p:xpcr .<iere intcr.medio.to between t,llc t.cro . 
L a t e r ,  Lanqlands , Corbet t  , JdcDonald, and Reid (1963a) 
t e s t e d  t h e  chronic oxide paper t o  e s t ima te  f e c a l  o?ltpu-t 
w i th  graz ing  s t e e r s  and sheey. I11 thi .s  stud.y doses of 
chromic oxide paper s t r i p s  were each r o i l e d  up i n  a s h e e t  
of  t h i n  qua r to  paper f o r  admin i s t r a t i on .  It was concluded 
t h a t  t h e  e r r o r s  of e s t ima te s  o f  f e c a l  output  were more 
s t a b l e  when cllromic oxide was a b ~ ~ i n i s t e r e d  i n  paper i n s t e a d  
of t h e  o i l  suspension capsu le s .  It was i n d i c a t e d ,  however, 
t h a t  e s t ima te s  of  f e c a l  ou tput  ob-tained from a reg inen  of 
dosing once d a i l y  and grab sampling a t  t h e  sane  t ime of  t h e  
d ~ y  were u n s a t i s f a c t o r y  with both  f o m s  of t h e  marker.  
Another po in t  of co~lipari son b e t ~ r e e n  t h e s e  chromic oxi.de 
forms i s  t h e  problex  of r e g u r g i t s t i o n .  Pigden a-nd Br isson  
(1957) r epo r t ed  thrz-'; 110 evidence of regury; i . ta t ion o r  o f  
pc.ss:Lge of'tt!?e " sus t s lned - re l ease  pel.1ets7' ou t  of t l ie rune:? 
and t h r o u ~ l i  t h e  d i g e s t i v e  sys-t era b e f o r e  t hey  have dj.r,so?.ved 
has been obta ined  i n  catt1.e. Resurgi.tatj.011, however, r~ras 
found t o  be a probl-em wlien -these p e l l e t s  w e r e  given t o  shcc:-1 
(i?igdcn and Br isson ,  1.957 ; Corbet t  - e t  -- a].. , 1360) .  On t h e  
o t h e r  hand,  no r egurg i t a t j -on  probl-em has been observed 16th 
t h e  paper  form. 
liar-ris , Lofsreen , i/;e~-cher , Ra le igh ,  and Boiunan (1-96'1) 
r cv i e~ rcd  work on -the cornpnri son. of' co t tons  eed m e a l  and ce1:Lu- 
lose as C r 2 0  c a r r i e r s  t o  t l ie  f r e e  form of t h e  marker ak115.ni; 3 
Lered t ~ . i i c c  d:~i.ly t o  g ~ a z i n g  s t e o r s  - . Estimates of f e c a l  pro..- 
duct ion  from srmples co3.lected a t  8 p.m. and 4 p.m. were 119%, 
123$, and 138% o r  t h e  ac.tu:tl-ly measured ou tpu t s  f o r  t h e  
co t tonseed  meal ,  t h e  c e l l u l o s e  capsu le s ,  and t h e  f r e e -  
form capsu le s ,  r e s p e c t i v e l y .  Fu r the r  work was c a r r i e d  
out  on t h e  marker when i n  mixture  wi th  c e l l u l o s e .  The 
technique  was i n v e s t i g a t e d  wi th  s t e e r s  graz ing  range 
alone o r  supplemented wi th  b a r l e y .  Chromic oxide recovery 
was e s s e n t i a l l y  100$ and f e c a l  ou tput  was es t imated  accu- 
r a t e l y .  I n  t h r e e  o t h e r  t r i a l s  wi.th g raz ing  s t e e r s ,  b i g  
v a r i a t i o n s  were experienced i n  two of  t h e s e  t r i a l - s ,  b u t  
t h e  mean of t h e  3 t r i a l s  gave a  100% recovery and an accu- 
r a t e  e s t ima t ion  of f e c a l  ou tpu t .  
Sva,rd sampling has been suggestled as  an a l t e r n a t i v e  
proced.u.1-e t o  grab szmpl.ing sirice it i s  essen4;ial.ly a  raniicl-: 
proccdui-e (~ay-n~ond. 2nd Elinson, 1.355). I n  us inq  t h i s  pro-  
ced:lre, however, t h e r e  i s  t h e  zro'bler.1 of i d e n t i f i c a t i o n  0'' 
t h e  deSecat,ians of each indivi .dual  when a  grou17 of ai?ioial.s 
a r e  graz ing  .Logetiler, To overcome t h i s  & i f f  icu l t ,y  , t h e  
of' each animal w i t h  d i f f e r e n t l y  col.ored p a r t i c l e s  of  poly- 
s t y r e n e  has been used (Piinson, TayLer, Alder ,  Ra;onoiid, an:! 
T )  nudxian, 1360) . The t~eclii?iq.ue used by Langlands e t  2-1. 
- -- 
(1963b) t o  compare sward and grab sanp l ing  and a l s o  f u r t h c ~  
evn.iuate tile chrc:cic oxide pzi9er i n  es-ti .matin~; feca l .  outl.l;-k 
of g raz inc  c a t t l e .  I n  s s ~ a r d  s?ifi>li:?g, t i le f e c e s  c o l l  ec'ted. 
each day were g e n e r a l l y  from a.?_,oui; t e n  -to twelve de f ecn"ii.c:.s 
f o r  each COTYT. Crab sartipi-ing \.as c a r r i e d  ou t  t i r ice  d s i l  y c r  
inillring t imes .  Animals v e r e  dosed tw ice  d a i l y .  1"cwas co:?.- 
eluded t h a t  t h e  random e r r o r  was apprec i ab ly  l e s s  i n  t h e  
e s t ima te s  of f e c a l  ou tput f ' rom t h e  sward samples and t h a t  
paper i s  t o  b e  p r e f e r r e d  t o  u sua l  capsules  when grab s m ~ l i n n ;  
i s  p r a c t i c e d .  The advantage of  t h e  paper when sirard s m p l i n y  
i s  used may be  r e l a t i v e l y  s l i g h t .  
It i s  obvious t h a t  sward sampling a s  p r a c t i c e d  by 
Langlands -- e t  a l .  (1.963) i s  more l abo r ious  t h a n  grab samplicg 
and may become i m p r a c t i c a l  under some cond i t i ons .  A modifi--, 
c a t i o n  of t h e  procedure t o  make 5.t e a s i e r  wi thout  l o s s  of 
a c c u r x y  i s  worth t e s t i n g .  Langlands -- e t  a l .  (1963) sugSestc6 
t h a t  t h e  sampling Trac t ion ,  and t h e r e r o r e ,  t h e  l abo r  cou-Ld bc 
reduced w i t l ~ o u t  g r e a t l y  i n c r e a s i n ~  t h e  t o t a l  e r r o r  of' CS.L~:-.~L- 
nlincd a r eas  of' t h e  pas-!;ure a:; has been done by Ra:ymond ~-112 
- .  , !.li~ison (1955 ) . Tliese la i-Ler  workers r3evii;ed t h e  "j-ril?:;-i; :~J,:!?.I : i r r f -  
technique i n  trliich -tlie f eces  clroppcd T ~ i i ; h i r i  c e r t a i n  nlarkev? 31'(3'YY 
a r e  c o l l e c t e d  -period.icall  y anti analyzeci. Thi s proced~i,re vz:.s 
found more s a t i s f a c t o r y -  tkisn grab smlpl ing -Coy t h e  est:i.matj.o:? o :' 
f e c a l  orltpui i n  g raz ing  sheel) 
Other s anplring proced.ures have al-so been e x m  ined. P'cii' 
. - 
ci:a.rnpl.c! , t h e  p:?.ri;ial coll.ecti.on sys t ein ~ v h i  ch .iaa:; -i,cstcd by '!I. I.! ; 
I?epp, Wa.t;lrinc., and ICnex (1.961) r e q u i r e s  t h e  col.lc~ctioi! o f  Yew,:: 
f o r  a :Limited t ime of  e a c h  day of  t h e  t r i a l  by mc:?,ns ol" a. 
itt ,.; . 
and a i'ec:iI bag. Iii13-/, (1 961 ) cLudicd t h e  recovery of l i  r;n :*I .i r; 
confined h e i f e r s  when f eces  were c o l l e c t e d  f o r  4 o r  6 hour s*  
Recoveries of about 105% and 106% were found f o r  t h e  h and 
6 hour c o l l e c t i o n  per iods  a f t e r  ~ x u l t i p l y i n g  by 6 and 4 t o  C A I -  
c u l a t e  t h e  24 hour l i e n i n  e x c r e t i o n ,  r e s p e c t i v e l y .  A 4 and 8 
hour , co l l ec t ion  pe r iod  were a l s o  compared by I I i l l  (1965)  v i t n  
graz ing  cows us ing  l i g n i n  a s  i n d i c a t o r .  The system was To:liid 
t o  be s a t i s f a c t o r y  i n  some c a s e s ,  b u t  f a i l e d  t o  g ive  relia13lc 
e s t ima te s  i n  some o t h e r  ca ses .  It i s  obvious t h a t  t h i s  s:)rs~2ll 
does not  o f f e r  any advantage over  t h e  t o t a l  c o l l e c t i  on method 
from t h e  p o i n t  of v iev  of t h e  s p e c i a l  ecluiyment r e q u i r e d .  
Bes ides ,  it might i l ~ t r o d u c e  l a r g e  e r r o r s  i n  view of' t l lc  di! rel e n L  
p a t t e r n s  of d i u r n a l  v a r i a t i o n s .  
I n  t h e  foresoin: d i s c u s s i o n ,  t h e  s d v n l l t a ~ e s  and  r l isad 
of the diri'ei-er?+ se,-inlin- sirr;tc:-1s vei-e considered . esseci  hi! 
i,vo vievpoirit,; , c .  5, , eaze a116 r e l j  ak i l  ii,y. It i s  clec?, i3 I, 
sampling i s  t h e  c s s i e s t  and nost p r a c t i c a l  of a l l  sys tc r i s ,  o 
r e l i a b i l i t y  i s  s o n e i ~ h s t  ques t ionable .  The o t h e r  syc;tc'-r;:, b v i s  I r) - *  
easy and r;ol?etiiies i n p r a c t j c d l ;  t h e i r  r e l l i a b i l j t y  i s  a l s o  i r i  
q u e s t i o n ,  As p rev ious ly  rqeniioned, grab ssasripljnz does n o t  s c L -  - 
be s o  ilnportarit i n  h3ii!nan s t u d i e s ,  b u t  i n  animal s t u d i e s ,  C S ~ T C  ' 1 %  
wi th  l a r g e  animals i t  o f f e r s  t h e  advantages of ease  and 1 0 . 1  c o p  
over t h e  conveil-tional. method i.~kien i n d i c a t o r s  a r e  used t o  si-ui:- 'c::'? 
ut.iliz:!;tj.i>n. .It j.s , t l - lerefore,  reconmended t h a t  grab sn!npl 
i~r~proveri -LC) elimi.n:ii;e t h e  e r r o r s  in t roduced  by t h e  d iu rna l  
CONCLUSIONS 
Dietary  ~na rke r s  a r e  use-ful  n u t r i t i o n a l  t o o l s  e~nployed 
i n  s t u d i e s  of food u t i l i z a t i o n  inc lud ing  food and n u t r i e n t  
i n t a k e ,  passa,ge of i n g e s t a  t'ilrough t h e  d i g e s t i v e  t r a c t ,  
d i g e s t i b i l i t y ,  and absorp t ion  of  n u t r i e n t s  i n  man and an imals ,  
The cha l lecging  problems i n  s t u d i e s  of  food consumption and 
u t i l i z a t i o n  under g raz ing  condi t ions  c a l l  f o r  s p e c i a l  a ~ p l j  c5- 
ti011 of t h e  marker method. The f o l l o i ~ i n g  conclusions a r e  
drawn rega rd ing  t h e  s u i t a b i l i t y  of markers f o r  d i f f e r e n t  
s t u d i e s  : 
I. The s t a i n e d  p a r t i c l e  technique  i s  widely used t o  meas.~_i-- 
t h e  r a t e  of food passage i n  r u n i n a n t s .  The cou-ntinz cf 
t h e  s t a i n e d  particles recoverefi i n  t h e  f e c e s  i s  a  l a b o ~ l ~  - 
vrocess  and i t s  v a l i d j  t y  i s  ?nestionec?. An alte~-:iti-.i?rc. 
method i s  t o  u s e  a nonabsorbed dye t h a t  z s n  be con;?l t JLi  ' 
recovered and q u a n t i t a t i v e l y  detel-:rined i n  t h e  Ceze- , ;  : 
has y e t  t o  be used i n  a wide v a r i e t y  of  r r i a l s .  
2. Seve ra l  dyes have been used t o  co lor  t h e  fccec  ,>j' Y"IL-IL! 
Best co lo r ing  was achieved by ~;etll?;lene b l u e ,  crysr ; , i  .I 7 . 
b a s i c  f u c h s i n ,  and a n i l i n e  b l u e .  Carnine has been uscc  _ o  
co lor  t h e  f eces  of' humans and monogastric anjr la ls  t o  a 1 1 -: 
sepa ra t ion  of experimental  pe r iods  . A b r i l l i a n t  blue 
c e l l u l o s e  mixture  i s  rccomnended f o r  t h i s  purpose i n  
3. Chromic oxide has been t h e  :r,ost t r idely used f e e d  mti'~1-:~'7- i:!
h u ~ a r i  and ani. s t u d i e s .  I11 run inan t s  b e s t  i:esul.ts a r c  
obta ined  when t h e  marker i s  given i n  sus ta ined- rc leaqe  
form by mixing t21c mar1;er w i t h  a s u i t a b l  e  c a r r i e r .  
A v a i l a b i l i t y  of  r a d i o a c t i v e  chromic oxide (51~r  0 ) all-o.ii 2 3 
the  use  of  minute m o u n t s  of  t h e  marker and e l imina te s  i!lc 
t ime consuming procedure of' i t s  chcmical de te rmina t ion ,  
4. Titanium oxide has been used s a t i s f a c t o r i l y  i n  s t u d i e s  o f  
calcium and ~110sphorus absorp t ion  and p r o t e i n  d iges t ib i l i ' cy  , 
It can b e  determined d i r e c t l y  o r  i n  Kje ldahl  d i g e s t s  of 
food and f eces  . 
5.  Barium s u l f a t e  has been used i n  h n ~ a n s  f o r  ex t en t  and i - a L r  
of passage s t u d i e s  and f o r  clzickens i n  food u%il . iza t ion  
s i u d i e s  . Farij o a c i i v e  13'-13as~ has been used t o  s  t1.1.d-y tlre 4 
absorp t ion  of 5 9 ~ e  and 1311-lal~led n u t r i e n t s .  Cupr.ous 
s twdics  x i t h  ~ I - L X I ~ ~ I S .  
6. A riuxber of elexe:l-l;s of t h e  rare e a r t h s  zi?d o t h e r  i n e r t  
meta ls  have bee12 qua.l.ified a s  f e c a l  markers and used 's-uc:ci. r... ;-. 
f11-l.ly i n  s t u c i e s  oi" passage and a.bsorption of food n~r-tl-l_ir;!,:.~ 
1 Ll 
Incl.uded i n  t h i s  group a r e  -tile rad io : ic t ive  i so topes  C?, 
6 4 ,  9 , 140  La,  91-, 106 
, Ru, and 19'Au. ldhcn i~ bc(:e7-1 , 
undes i r ab le  C-o use  r a d i o i s o t o p e s ,  dysprosium, europj ~ ; l c  
gold a:re non-radioact ive mer!lbers of t h i s  group t h a t  car! iji: 
deterin ined  s:tcu?aiely wi-t?i r a d i o a c t i v a t i o n  anal.jrc;is . 
7 .  Soluble ~r!rzl-l;ers 11:~ve been used in many p11ysjologj;ic:il a,nci 
n u t r i t i o n a l  s t u d i c s  i n  hunaiir; arid anilnals. Var ia t ion  i n  
r e s u l t s  and t h e  f r equen t ly  r epo r t ed  f a i l u r e  t o  achieve  
complete recovery of po lye thylene  g l y c o l  (PEG)  i n  t h e  
f e c e s ,  e s p e c i a l l y  i n  ruminants under c e r t a i n  n u t r i l i o n , l  
c o n d i t i o n s ,  sugges t  re-examination o f  t h i s  m a t e r i a l  as  a  
n u t r i t i o n a l  marlier. It i s  suggestec? t h a t  Yurtlier s t u d i e s  
b e  conducted us ing  a  r a d i o a c t i v e  form of t h i s  raatcri a l ,  
Chromim EDTA complex has  been suggested a s  a  s a t i s f  actor:  
s u b s t i t u t e  f o r  PEG. Radioac t ive  "C~EDTA al-lows easy and 
p r e c i s e  measurement. Small q u a n t i t i e s  may- be  absorbed,  
Fu r the r  work w i t h  t h i s  m a t e r i a l  e s p e ~ i a ~ l l y  on its t o o x i c o l ~ . ~ ; , ~  
i s  needed b e f o r e  it i s  recominended loin ?rider u s e .  
8. Microbio logica l  tecliniquies based on t h e  use  of s t r i c t  .tI?e~-?:i-,- 
p l ~ l i c  spores  of  b a c t e r i a  such as  - B .  s ~ ~ . b t i l . i s  t o  jnessr:i,,e 
t i - a n s i t  t ime i n  t h e  c?i~c?s-Li.-\rc t r a c - t  are in-terestin;;; kljt 
not  bee11 sturiiect eno:zp;il j.n regal-ds t o  heal-tli and :tccuu.r<c:: , 
The 1;echnique d-evisei! for  r~nn'i-na.nts should be eva1uai;c.i i r :  ' -  
cornpariso~-,. wi'ih o t h e r  t echniq-u.es . 
9. Internal .  mar!.;ers used f'or Toc-~i! 'i7:Lili za , t io~i  st~rdie::  \T' 
ani~na1.s inclui ie  s i l i c c i ,  l i g n i i i ,  methoxyl , f i b e r ,  chro;:,o:;c??s . 
f e c a l  n i t r o g e n ,  and t h e  8,ci.d so!.i.11~1~ f e c a l  f r . ac t ion .  Only 
chi-omogen and f e c a l  nitro:<en see111 t o  be  re1iab:l.e ind-i cr:s to 
p:reilict di , . ;estibili t ;r  of fo rage .  The use  of tlzese t w o  ii?:?-i 
c a t o r s  may cont inue  unt?.l. a. b e t t e r  marker becorner, av:ii 1 c i b  !.r.. 
Beca~~r-:e chro~no:;cn i s  not  absorbed from t h e  dityc:;t;ve i , r . ~ z e t ,  
i . l  can be  used i n  both  t h e  r a t i o  technique  and -the f'ec:il 
iliethod t o  p r e d i c t  d i g e s t i b i l i t y .  Fecal  n i t r o g e n ,  howevcr , 
call be  used only i n  t h e  f e c a l  index method. Avai lab le  
d a t a  sugges t  t h a t  t h e  f e c a l  index method i s  more r e l i a b l e  
t han  t h e  r a t i o  technique  i n  graz ing  s t u d i e s .  
It i s  recornmended t h a t t h e  use  of g l a s s  beads ,  smal l  s e e d s ,  
rubbe r ,  cha rcoa l ,  and :netal p a r t i c l e s  i n  s tu i t ies  of t h e  I -a .1 ;~  
of passage ,  and i r o n  ox ide ,  s i l i c a ,  anthraquinone v i o l e t ,  
and monas-tral  b l u e  i n  d i g e s t i b i l i t y  s t u d i e s  should cease  - 
Thi.s conclusion i s  cira~rn on t h e  b a s i s  of c o n t r a d i c t i o n  i : ~  
r e s u l t s  and repea ted  f a i l u r e  t o  aclii.eve cornplete recover,:; 
of some of t h e s e  markers .  P l e s t i c  p a r t i c 1 . e ~  have been us& 
i n  s t u d i e s  of  d i g e s t i b i l i t y  and food pqssagc. Fur ther  I ,?ox*~ 
i s  needed t o  ascer-tai.11 t h e i r  u se fu lnes s .  Colored ]?last,-i.c 
par t i -c l  es  ria.;;, ilo~aever., be use6 t o  mai-1.r j ndi?ii.dua!. def 
- .  
when swi2rci sam?il.ng i s  used in gra,zi.ng s-bud-ies. F'v.rt?-.c.- 
s t u d i e s  a r e  neeciec?. on p a i . t i c l e  s i z e  and specir":ic 2;rzi:i ;y- ol' 
meta l  -oarti. c u l a t  e s  a.s nu- t r i t  i o n a l  marliers . 
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TABLE 1 
A. Elements 
1. I n e r t  meta ls  ( h e a ~ y  and r a r e  e a r t h s )  
2. Na tu ra l  i s o t o p e s  t°K ) 
. A r t i f i c i a l  i so topes  P4'ce ) 
B. C0rnpoun.d~ 
1. Inorgan ic  
a. Me.tal oxides (cr203, Fe203, T : ~ o ~ )  
b. Minera l  s a l t s  ( B ~ S O ~ ,  CUSCN) 
2. Organic 
a. Natu.ral. dyes ( c a ~ m i n e  , chromogen.) 
b. Syritlietic dyc:s (i:iet?~y-lene ?slue, c r y s t a l  v i o l e t ,  basic. 
r i ~ i i l i n e  bl.u.e, en.thra,qi1.S.7iorie violet ) 
c. Other (ce ' l lu losn ,  1-ignin, p l a n t  s t e r o l s )  
C.  P a ~ t i c u l a t c t s  
1. Polyners  (po13~ethyl.enc g lyco l ,  plastficr,, g l a s s ,  r u l s ~ ~ e r )  
2 C e l l s  ( y e a s t  and b a c t c ~ i a . )  
3. Ch2rcoa.l 
l .  I4ci;al. p a r t i c l e s  (i. e . ,  s i z e d  al-urninurn p a r t i c l e s )  
5. Otller pa..rticullai;es, zeeds,  co.'iton, s t r i n g  
( ~ r o i n  E l l i s  and Hustoii, 1967. J. m i r y  Sc i . ,  501 1996) 
Mean ret,entioli  Lir c,li 
Die tary  Die tary  Feca l  
p a r t i c l e  marker p a r t i c l e s  Sheep Sheep Sheep 4 
s taiiied fed count cd  A B C 1;-;1l 
-- ( ~lie sh ) h r  
Stems, 2 .5  ern Green 0/40 50.1 46.1 53.6 ~ , g *  92,L 
Stems, 2 .5  em Green 0/60 45.5 43.9 50.7 11(),7"*:b 
Composite, Purple 0/ 40 61.7 50.1 50- 7 r~ J- s 2'- 
2 1m1-jO lmn Purple O/ 60 54.1 51.2 51.4 ; p a  2l" 
Elue 0/40 Fines,  2 r r i  40.8 41.9 46.8 - -,*L i I,c& 
Fines,  2im Blue O/ 60 37.0 33.8 39.2 LC ex L 7' 
" j  Mean:: wi th  d . i s s i ~ ! i l a r  su.perscripts  a r e  s ign i . f i can t ly  di:..^e~.:l, 
(P = < 0-05) as determined by "t" t e s t ,  usfng data.  pari-ed by anirrai, 
c3 T$ " "1 q+ T? q %  'F 
CU CU C U r i  C U C U  C U C U  C U C U  CU CU L n  
WBrn 4 
FAT BALANCE I N  DOGS 
(~roin Seif'e, 1962, J. Lab. Clin. iJicd., 59, 513) 
Me ta13olj.e balance study 
Food Fat Fe c a1 IsoCo_u? 
consumed coiiswned fat Inges t ed  rnclihod 
DOE; 72 h r s ,  72 hrs .  (Gxn, ) Pat in~csl,c?ij  : 
No. (~m. ) ( GUI, ) 72 h r s ,  absorbed ($) a l ~ ~ o ~ ~ i ; u c d  (::) 
.?:-1121en this srrzall. a qurj.iiLi.ty is ln:;esi;c-id, exc:retcd fecal :?at bcco!.!c:i: 1 
~o~isid~~~'L'lhl.~ Tra~.tion of t h e  to.ta.1 f eci1.1 f ah. 
TABJJ3 5 
FAECAL") I R O N  AID EABCJ?CAL'-~' lUl'ilUII I N  A NORblilL WUi (CASE j) 
( ~ r o r n  Boender and Verloop, 1969. B r i t .  J. I-Iacmat., 17, 45) 
Days after  ( o r a l  dose i n  f a e c e s  
adn l in i s t r a t  i on  of 59Fe/ 13'3aLx 5",., 
t e s t  dose 5 9 ~ e  l3 '-~a i * i n  f a e c e s  a b s ~ ~ ~ i  P - 
Tota l  i n  f a e c e s  ($ o r a l  
dose )  72.5 
]-T' -"- .-. 
- ) : ~ ~ t  TO of 5gF, .Lo J 1.- bs i n  the fa.ecc:s. This  value,  mlnl.tripl~.ec?. by 
i n d i c a t e s  .the p e r  cent  of  the t e s t  dose t r o n  exc re t ed  :in -Lhc :Cae 
calcula-be this percentage,  t h e  firs'i; 'iligkily r a d i o a c t i v e  p o r - t i o ~ i  oi' 
?.!as used. 
A-*Iron &::orptrioi? percenta,ge ca lcu lz ted .  by s u b t r a c t i i ~ g  tho: pei-ci.:~:r.'cz.;c 


































































































































































































































































































































































































































































































COEFSi'IrJIETITS OF' VARLATION FOP, CONCETE!R1\TIOIa OF PADIOCERilJ1, 
CIIRONIC OXIDE, Al! POLI%TiT?.U1'3X CISCOL 11: 20 FPCAL COJ,I_?=CTIO!\SS 
FROM ZACIl OF TlIPGE SIEEP 
(prom 1Suston and E l l i s ,  1968. J. A6rj.c. rood Chem., 16, 225) 
C o e f f i c i e ~ t s  of V a r i a t i o n  
seep Col l ec t ions  Duplic c...ie~ 
Radiocerium 12.4 6.4 2.7" 
Chromic oxide 50.2 15.3 5.8 
Polyethylene g l y c o l  67.5 26. 0 6. o 
'There %?as no dv .p l i c~~ t io i ?  of r a d i o c e r i v ~  a c i i v i t y  counting 812 to 
l imitecl f eces .  Hoi~ever,  a p i l o t  count ing proced-ure gave an  e s t i -  
mate of countlvig varis, t io!i  from xhich  the coef f ic ie lz t  of va . r i a t i c ; :~  
be tveen  clu~?li-icates was es t imated .  

IlDLmNCE OF SLTLFUliiC ACID COI?ICL'T\VTII1IT'ION N LIGNINX- COJ\PCXI\ST OF DIr:'1' 
i?llW D C m A  OF CHICIGNS 
( ~ r o n l  Mueiler,  1956. J. Nutr. ,  58, 23). 
su lPur i c  a c i d  concer:i r,l l I I 
(weight pe r  c e n t )  
71.00% 71.8j% 77 22.L - '2 L r j l j  --d 1 5(J  - 
'$ o/; i I J  
Lieni.11 i n  d i e t  d ry  m3,i"i;r 3.99 2.96 2- 81 2 ,  (5 
Lignin  i n  e x c r e t a  dry ma t t e r  9.91 6.74 5-72 > *  3 
Lignin recovery ($ of l i g n i n  i n t a k e )  104.0 94.4 8'i , O  71. 1 
-)-deterniined by tlle "72$ suLCu-ric acid" method, E l l i s  et a, ( li1)?6), 
T1\21rn 10 
CF~SCT OF OVEN DRYING 01\ IIPPAFBTJT COI,POSITION OF m r n o  CILIITR 
(prom V a n  Sochst, 1964. J. Anirnal Sci. , 23, 833). 
Iiiit :ial 
Te~npe rature , Acfd-detergent moisture 
OC 'for 16 hr. Lignin fiber content  
a o - Air-dried at 20 C p:rioj- to oven treatmei?t, 
b Sai???:l.c covered c(>iyiri:'-ni?r to reduce  n;oisi,l?re i?scz.]pi_., 
TABLE 11 
THE CORRELPLI'IOIJS ATJD RESPECTIVE COEFFICIENTS 014' DETElI!417AT1O?I 
FOR TIE RELRTI0P;SHIP BCTWFETl. TIIE ITiT2i.YZ FACTOR ANT3 THE $ ASF? 
IN THE DRY IbIATTETI ( r  ) AND $ F'ATCI1L IJTTROSEN IPLT TIlE ORGiZTTIC y ." IUT'IER ( r ) 
Y-z 
( ~ r o r n ' ~ a n ~ 1 a n d s  and Corbe t t ,  1964. J .  Agric.  S c i . ,  63,  305) 
IJo. of Coe f f i c i en t s  o r  
Tr i a 1  pairs of Cor re l a t ions  de te rmlna t i  on 
1- . 2 No. observa t ions  r 
Y .x. Y.Z. y.x. \ i . z ,  
RATE OF PUSAGE OF FFDS THROUGI!. COIJS OF HIGH AND LOW P R O D U C ~ P ~ O " ~ ~  
( ~ r o m  Shel lenberger  and Kesl-er . 1961. J .  Ani-ma1 S c i  . , 20,  k l 6 )  
Measures of r a t e  of pacsnn,e (ir ro;-r  ) 
- 




High 20.9 54.6 51. g++t 53.5% 9 . 5  2 i ) i  
Low 
Difference  5 .3  4 .9  11.3 9 . 3  0.11 1 - > '  
a  V a , l l ~ e s  are  neans of' eigh-i; obse~:v:tti.ons . 
b Siandard deviation f r o m  the nean 
X 
Signii.i.ca~1t1.g fas1;cr. than ].ow p r o d ~ c t i o i l  (~(0.05) , 
** 
S i g n i f i c a n t l y  f a s t e r  than  low product ion  (pcO. 025) . 
Fig. 1. Cumulative excretions of single doses or " ~ e  .;I? - 
iercd in iraicr , Ib4Ce adsorbed onto soyhean meal., and chrorir 
oxide as the povder . Fron Ililler et al. (1967). J. Dai1.y S c i  . 
--
50,  355. 

Fig. 2. Curve of  exc re t ion  of undiees ted  r e s i d u e  of  s t a i n e c  
hay by an adu2.t goat .  From C a s t l e  (19563). B r i t .  J .  Wutr., 
10, 15. 

Fig .  3. The r e l a t i v e  t ime-concen-tration v a r i a t i o n  of chromic 
oxide i n  t h e  f eces  of h e i f e r s  f e d  a  p e l l e t e d  r a t i o n .  Prom 
El<m e t  a l .  (1959) .  J .  Animal Science.  , 18,  718. 
--

